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ABSTRACT 
Functionalization of Carbon Nanotubes 
Guzeliya (Gulya) Korneva 
Advisors: Yury Gogotsi, PhD; 
Reinhard Schweitzer-Stenner, PhD 
 
 Carbon nanotubes have unique properties that make them attractive for different 
engineering applications. However, because of their chemical inertness, carbon nanotubes 
have to be functionalized in order to acquire additional physico-chemical properties. 
Large multiwalled carbon nanotubes are different from fullerenes and singlewalled 
nanotubes because the stresses in their walls are almost relaxed while most chemical 
methods for fullerene functionalization exploit this effect of stressed bonds.  The 
objective of this work is to develop new methods for functionalization of multiwalled 
carbon nanotubes.  
 This work is dedicated to study two functionalization methods. The first deals 
with physico-chemical functionalization by filling the nanotube interior with colloidal 
suspensions. Irreversible adsorption of functional nanoparticles on the nanotube wall 
leads to the nanotube functionalization. The second method is purely chemical 
functionalization, which uses the reaction of cyclopropanation to break π -bonds in the 
benzene rings of the nanotubes with formation of new σ-bonds with deprotonated 
malonate. This so-called Bingel reaction has been used in fullerene chemistry and in this 
work was applied for the first time to functionalize multiwalled carbon nanotubes.  
 While capillary filling of carbon nanotubes was known long ago, the research 
community was skeptical about possibility of engulfing nanoparticles into nanotubes by 
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capillary forces. We developed and implemented capillary method to fill nanotubes with 
different nanoparticles. Using this method, magnetic carbon nanotubes were produced for 
the first time. Synthesized nanotubes have very high magnetic moment and allow to 
manipulate them by magnetic field. These magnetic nanotubes have been successfully 
used in fabrication of carbon nanotube-tipped pipettes for biological probes.  
The Bingel reaction was studied on three sets of multiwalled carbon nanotubes 
with diameters: 20nm, 100nm, and 300nm. To estimate the degree of Bingel 
functionalization, the chemical tagging of gold nanoparticles to the malonated nanotubes 
was used. Gold was attached using the sulfur-gold bridges formed after the reaction of 
transesterification of malonated tubes with 2(methylthio)ethanol. We found that the 
critical size for Bingel reaction to occur along the whole nanotube wall is less than 200 
nm. Larger nanotubes could be also Bingel modified, but their chemical activity is mostly 
observed at the nanotube ends.  
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CHAPTER 1. INTRODUCTION 
 
This thesis deals with nanocarbon structures in the form of multiwalled carbon 
nanotubes and nanodiamonds. It is well known that carbon is the base element of all 
organic materials, one of the most abundant elements on the Earth. It has the unique 
ability to form allotropes, which can be described by valence bonds hybridizations, spn. 
The well-known forms are diamond, where n = 3, and graphite, having n = 2. It was 
shown that all other 1<n<3 are possible.1 The valence bond hybridization determines 
physical and chemical properties of the allotropes of carbon. For example, diamond is the 
strongest known material on earth, and graphite is weak in one direction and strong in the 
others.  
 
Fullerenes 
Not long ago, in 1985, conducting experiments on vaporization of carbon by laser pulses, 
the Smalley research group from Rice University discovered a new form of carbon, 
which they named the Buckminsterfullerene.2 This structure, named also bucky ball and 
fullerene,  has the intermediate bonding between sp2 and sp3.3 The discovered cluster was 
chemically stable and contained 60 carbon atoms. Interpreting the cluster structure and 
morphology, Smalley’s group suggested that this cluster had a hollow sphere shape. They 
proposed that the surface of this sphere is made up of a web of twelve pentagons and 
twenty hexagons, each with carbon atoms at the vertices.  In this way, each carbon atom 
would form two single bonds and one double bond with its neighbors.  
Later on, fullerenes with different numbers of carbon atoms were discovered. It 
was found that the number of carbons in any fullerene cluster can be described by the 
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formula C2n, where n is integer. Each fullerene has (n-10) hexagons, but always only 12 
pentagons.4,5 The discovery of the fullerenes gave scientists a tremendous push to 
research other forms of carbon. For our purposes, it is important to mention the advances 
in understanding the organic chemistry of fullerenes. The developed methods for the 
enhancement of fullerenes’ reactivity are especially important. In this thesis we use the 
so-called Bingel reaction discovered by Bingel in 1993.6 This reaction leads to the [2+1] 
cycloaddition of malonate group to the fullerene and it works when the benzene rings are 
subjected to some mechanical stressing. In the case of fullerenes, this stressing occurs 
naturally because the ball-like morphology assumes some bending of C-C bonds at the 
fullerene surface. In the benzene ring of the fullerenes the C-C bonds have a high elastic 
bending energy whose release causes the Bingel reaction. 
Nanotubes 
In 1991, stimulated by fullerene discoveries, the Japanese scientist Ijima7 discovered 
another new form of carbon – graphitic tubules. He also suggested the possible structure 
of these tubes, which was later proven right. First carbon nanotubes (CNT), which were 
observed and described by Iijima, had walls built from two to fifty graphene sheets, and 
so they came to be called multiwalled carbon nanotubes (MWNT). Later, singlewalled 
nanotubes (SWNT) were discovered.8  
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Figure 1.1.   Images of (a), (b), (c) Fullerenes; and (d) and (e) singlewalled and 
multiwalled carbon nanotubes, respectively.9  
 
 
Carbon nanotubes can be metallic and semiconducting.7,10 The presence of a 
hollow inside the nanotubes, in addition to unique hardness and mechanical strength, plus 
metallic/semiconducting properties make carbon nanotubes especially attractive to 
scientists. On the other hand, the chemical structure of carbon nanotubes does not allow 
them to react or make complexes with many chemical elements. Therefore, 
functionalization of carbon nanotubes becomes a very important field of chemistry. 
Functional, i.e. enriched CNTs, with some other physico-chemical properties, offer new 
possibilities in technological applications of these nanomaterials.11-13 
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Nanodiamonds  
One more carbon nanostructure, which also received a significant attention in the last 
decades and was related to our research, is nanodiamond. First artificial diamonds were 
synthesized by high pressure/high temperature method in 1950. Then low pressure 
chemical vapor deposition (CVD) method of producing polycrystalline films was 
developed in 1960.14,15 The artificial diamond replicates the sp3 hybridized carbon bonds 
of the natural diamond, (Figure 1.2) thus have the same properties, attributed to the 
natural diamond, such as very high thermal conductivity and low electrical conductivity, 
plus an exceptional hardness. The size of the artificial diamond particles ranges from 4 
nm for the diamond produced by detonation to a few microns for the diamond produced 
by shock-wave method.15 These particles, due to their size, obtain very high surface area. 
High surface area makes the nanodiamonds (ND) available for chemical 
functionalization, thus making it an attractive substance for use in different 
applications.16,17 
 
 
 
 
 
 
 
 
Figure 1.2.  PM3 optimized molecular model of nanodiamond. Courtesy of Dr. Vadym 
Mochalin (Drexel University, Nanomaterials Group). 
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The goal of this thesis is to resolve some challenges and to develop new methods 
of nanotube functionalization. This thesis deals with MWNT, which are economically 
more viable as compared to SWNT. The functionalization chemistry for MWNT has not 
been widely studied yet. In this thesis, we summarize the results of four-year work 
undertaken by the author under the guidance of Professor Gogotsi and Professor 
Schweitzer-Stenner. Due to a multidisciplinary research team the author belongs to, the 
approaches to carbon nanotube functionalization used in this research are at the interface 
between materials science, materials chemistry, and physical chemistry. It was 
demonstrated by Inagaki that organic and inorganic carbon substances are interrelated on 
molecular level, providing the interdisciplinary nature of carbon nanotechnology, based 
on both, materials science and chemistry.18 
The general goal of this study is to consider the development of efficient methods 
of carbon nanotube functionalization based on attachment/encapsulation of functional 
nanoparticles to the nanotube surfaces/nanotube interiors. The approaches to the MWNT 
functionalization can be subdivided with respect to the chemical bonding between the 
nanoparticles and the nanotube. Both noncovalent and covalent attachments of functional 
nanoparticles to nanotubes are explored in this work.  
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CHAPTER 2. LITERATURE REVIEW 
 
In this chapter we will overview the history of the discovery of carbon nanotubes, the 
methods of their synthesis, and the unique properties of carbon nanotubes, which depend 
on the synthesis method. Then we will discuss some of the most common methods of 
functionalization of carbon nanotubes. At the end of the chapter we will show various 
applications of functionalized nanotubes. 
2.1. AN OVERVIEW OF CARBON NANOTUBES 
There is extensive literature on nanotube structure and its physical and chemical 
properties. During almost two decades, different methods for nanotube synthesis and 
functionalization have been developed. Because of recent progress in nanotube syntheses, 
the focus of research has shifted from synthesis, purification, and characterization of 
nanotube chemical and physical properties to nanotube functionalization and 
applications. 
The following diagram (Figure 2.1) shows the annual number of publications 
related to carbon nanotubes from the year of carbon nanotube discovery, 1991 to the year 
of the paper2 was published, 2001. This analysis was done using the SciFinder Scolar 
search system for the term “carbon nanotube”. We extended these statistics up to the year 
of 2006. Figure 2.2 shows the annual number of publications and patents mentioning the 
term “carbon nanotube”.  
Many different applications of nanotubes have been proposed since the discovery 
of CNT in 1991, and some of these applications have already been realized. Next, we will 
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briefly describe why carbon nanotubes are attractive for scientists, and review methods of 
carbon nanotube synthesis.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1. Comparison of the annual number of scientific publications with the number 
of patent filing and issuances for the carbon nanotube field.2 The analysis was done using 
the SciFinder Scholar search system (www.cas.org/SCIFINDER/SCHOLAR/) for the 
term “carbon nanotube.” 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2. Annual number of scientific publication and the number of patents filling for 
the term of “carbon nanotube” from 1991 to 2006 years. Analysis was done using 
SciFinder Scholar search engine.   
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2.1.1. Physical and Chemical Properties of Carbon Nanotubes  
Carbon nanotubes (CNT) can be sketched as sheets of graphite rolled into 
seamless cylinders.3 Depending on the number of sheets, these nanotubes are called 
single- or multiwalled carbon nanotubes, SWNT or MWNT, respectively.4 The distance 
between two graphite sheets in MWNT is typically 0.340 nm, slightly greater than the 
distance between two consecutive sheets in single crystal graphite, 0.335 nm, which may 
be explained by specific cylindrical geometry.4 CNT can be metallic or semiconducting, 
depending on the crystal structure of the graphene sheets. The electronic transport occurs 
ballistically (i.e. almost without scattering) in metallic nanotubes. This allows the 
nanotubes to conduct electricity with minimal resistance, thus diminishing heating.5 The 
maximum current conductivity, for example, in copper, the second after silver, best 
conductive material, is 59.6x106 S/m (pure copper).6 Bulk MWNTs produced by arc-
discharge method have the conductivity ~ 100 S/cm , or 104 S/m,7 annealed multiwalled 
nanotubes, produced by chemical vapor deposition method (CVD MWNT)  have the 
conductivity 2x105 S/m. 8 
Mechanical properties of carbon nanotubes are also outstanding. Density-
normalized Young’s modulus and ultimate tensile strength of typical SWNT are 19 and 
56 times that of a steel wire and 2.4 and 1.7 times that of silicon carbide nanorods, 
respectively in addition to their high elasticity.9 Nanotubes are chemically inert by nature 
and the presence of empty space inside them in addition to  their high mechanical 
strength, described earlier, and electrical conductivity make them attractive for use in 
structural applications, medicine and optoelectronics.2 
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2.1.2. Synthesis of Carbon Nanotubes 
Iijima discovered nanotubes in 1991 while experimenting with the fullerene 
synthesis.3 These first needle-like carbon filaments were grown during the arc discharge 
evaporation of carbon in argon at 100 Torr pressure. Iijima described these filaments, 
which were grown on the negative end of the graphite electrode, as rolled graphite sheets 
inserted into each other. The number of these sheets varied from 2 to 50. In 1992 Ebbesen 
and Ajayan optimized the conditions for the nanotube growth to obtain a larger quantity ~ 
1 gram of nanotubes by the arc discharge evaporation method.17 The inert gas atmosphere 
(flow of Ar or He) of ~ 500 Torr pressure was created in the reaction vessel. Two 
graphite rods under DC current (~ 100A) and with applied potential of ~ 18 V were 
brought together at approximately 1 mm distance. As a result, the discharge occurred and 
plasma formed. Carbon nanotubes along with some carbon nanoparticles were deposited 
on the larger rod. The reported yield of nanotubes was 75%. These nanotubes had the 
same structure as those described by Iijima, and consisted of 2 to 50 concentric graphitic 
sheets. The minimum diameter of the tubes was 2 nm and maximum was 20 nm.3,7  
In 1993, two papers describing similar syntheses of single shelled carbon 
nanotubes were published in the same issue of Nature.10,11 Two groups of researchers 
independently found that by co-evaporation of carbon and iron or cobalt, the single 
shelled nanotubes could be grown. For this synthesis the reaction vessel was filled with a 
mixture of argon and methane (40 Torr argon and 10 Torr methane). There were two 
graphitic electrodes, an anode of 10 mm in diameter and a twice bigger cathode 
containing traces of iron. The DC current of 200 A at 20 V applied to the rods generated 
heat. The iron under these conditions formed iron carbide particles with the carbon from 
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the cathode and/or methane. The carbon nanotubes with only one shell were grown on 
these nanoparticles. Smallest tubes were 0.75 nm in diameter, the biggest were 1.6 nm.10 
With cobalt as a catalyst for the growth of the singlewalled nanotubes the reaction 
conditions were slightly different. The reaction vessel was instead filled with helium at 
100-500 Torr, and the applied current was ~ 100 A. The nanotubes produced with cobalt 
as a catalyst also had single shells and the average diameter was 1.2 nm.11 Later these 
tubules were specified as singlewalled carbon nanotubes (SWNTs).   
The second, most popular, early method of singlewalled nanotube synthesis is 
laser ablation - laser vaporization of a graphite rod in an oven with Co and Ni as 
catalysts.12 This mechanism of the nanotube growth is similar to the arc discharge 
method. The laser was pointed at the carbon-metal composite in a chamber heated up to 
1200°C, where argon flowed at 500 Torr with the flow rate of 50 sccm (standard cubic 
centimeters per minute). The soot produced by the laser was deposited onto a cooled 
copper collector (Figure 2.3).13 
  
 
 
Figure 2.3. Oven laser vaporization apparatus. 13 
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Later on, the method was optimized to give a higher than 70% yield of nanotubes.12 The 
advantages of this method in comparison to the arc discharge method are that the 
resulting nanotubes are “clean”, with less amorphous carbon and no graphite particles on 
the outer walls, the drawback is the cost.13 
The third popular synthesis method is the catalytic growth of carbon tubules by 
decomposition of hydrocarbons, which was introduced in 1992.14 By this method, later 
named as catalytic chemical vapor deposition (CCVD), multiwalled and singlewalled 
nanotubes were produced. As a catalyst, the iron particles,14,15 cobalt or iron on SiO2,1,15-
18 iron or cobalt with zeolite support,15,19 iron on alumina substrate (Al2O3)20 and cobalt 
disilicide (CoSi2)21 can be used. As a carbon supplier one can use acetylene,1,14,15,17,18,21,22 
propylene, ethylene,14,22 or methane.16,20 Decomposition temperature was 650-900°C. 
The diameter of the multiwalled nanotubes depended on the diameter of catalyst 
particles, and the length on the reaction time. The yield of nanotubes was higher than that 
observed in the arc discharge method.15  
An interesting idea was to combine a carbon source and catalyst in one compound 
by using organometallic precursors like ferrocene or nickelocene for carbon nanotube 
synthesis.  The pyrolysis of these compounds was done with a mixture of methane or 
acetylene at 1100°C and the yield was SWNTs or MWNTs depending on the process 
conditions.23 A few rather unusual sources of carbon for CNT synthesis were also tried 
with some success. For example, the ferrocene/benzene mixture enriched with thiophene 
as a growth promoter was injected in hydrogen flow. If about 0.5-5 wt% of thiophene 
were added into the stream, singlewalled carbon nanotubes could be formed. If the 
thiophene amount was increased to greater than 5%, then multiwalled carbon nanotubes 
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could be formed.24 The use of ferrocene-xylene mixture can also produce multiwalled 
carbon nanotubes. The reported yield was ~ 25% of all carbon stock.25 Schematic of the 
reactor is in Figure 2.4.  
 
 
Figure 2.4. Schematic of the reactor used for the nanotube synthesis from ferrocene-
xylene mixture. 25 
 
 
Dai et al. 26 reported the synthesis of singlewalled carbon nanotubes from carbon 
monoxide as a carbon source on molybdenum particles by metal-catalyzed 
disproportionation of carbon monoxide at 1200°C. Terrones et al.27 introduced the use of 
a silica substrate, patterned by laser etching. Firstly, they deposited cobalt on a patterned 
substrate, then they grew the CNTs using an unusual compound, 2-amino-4,6-dichloro-s-
triazine. In fact, this was the first report on laser etching that made a pattern for catalyst 
deposition on the substrate to produce aligned nanotubes. The proposed growth model is 
shown in Figure 2.5. 
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The catalytic chemical vapor deposition method (CCVD) recently became more 
popular since it requires much lower temperatures for the reaction, thus lowering the cost 
of carbon nanotubes production.20 Another advantage of the CCVD is that it allows 
adjusting the reaction conditions to produce aligned multiwalled or singlewalled 
nanotubes with controlled thickness, diameter and length.  
As a modification of catalytic chemical vapor deposition method, in 1995 
Japanese scientist Kyotani introduced non-catalytic chemical vapor deposition method 
for CNT growth.28 This method, also named as the template synthesis of carbon 
nanotubes, produced uniform, well-aligned multiwalled CNTs in the channels of alumina 
porous oxide films.  
The synthesis of porous alumina membranes, which now is used for the nanotube 
growth, was first performed and then described in 1953 by Keller, Hunter and 
Robinson.29 This method later was named by O’Sullivan and Wood as the classical 
method.30 However, only with the development of electron microscopy was it possible to 
quantitatively and qualitatively study the morphology of porous alumina layers and the 
 
 
Figure 2.5. Possible growth model of CNT on iron particles.1 
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parameters that influence pore growth. Therefore, only in 1970 a detailed study of the 
synthesis of high ordered aluminium oxide films was published.30  
These porous materials were used mostly for filtration of biofluids and some 
polymers because other available filters were dissolved in most solvents. In 1994 
Martin31 showed that porous alumina may be used as a template for the synthesis of 
different nanomaterials, starting from polymers to metals. Publications by other 
researchers, especially from Masuda’s group, showed that this method of using highly 
ordered porous alumina template for the synthesis of ordered nanometal structures can be 
easily adopted for different purposes.32 
In August 1995, the Kyotani’s group28 published a paper describing the 
preparation of carbon tubules in pores of anodic alumina oxide film. They used two types 
of alumina templates, first was the commercially available standard anodic oxide 
membrane from Whatman®, with the average pore size of about 200 nm; another type 
was prepared by the same group by anodic oxidation of aluminum. This method was 
described in a publication from 1984 by Itaya et al.33 By changing the anodic oxidation 
process parameters, one could change the thickness and pore diameters of the alumina 
films.32,34 The Kyotani’s group synthesized carbon tubules using thermal decomposition 
of propylene gas (2.5% in N2) at 800°C in channels of porous alumina membrane.35 This 
technique later on was named the chemical vapor deposition (CVD) method.36 After the 
deposition of carbon onto the inner walls of pores of the alumina membrane, the alumina 
was dissolved in hydrofluoric acid and multiwalled carbon nanotubes were obtained. The 
schematic of the process is shown in Figure 2.6.  
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Figure 2.6. Schematic drawing of the formation process of CNTs by chemical vapor 
deposition method in pores of alumina template.35 
 
  
The resulting nanotubes were straight, and had uniform diameters and thickness. 
The Kyotani nanotubes did not have caps on both ends, in contrast to nanotubes produced 
by other techniques.28,35 The length and diameter of produced CNTs depend on the 
thickness and pore diameter of the used alumina film, respectively. The thickness of the 
walls of nanotubes was determined by the length of the deposition process.  For example, 
the Kyotani’s group produced NTs with 5 nm wall thickness after 1 h of CVD, and 45 nm 
thickness after 6 h of CVD.28,35 After publication of these papers it became evident that 
CVD process can be used to grow nanotubes with different geometrical parameters. 
 
Based on the method of CNT synthesis, Japanese scientist Inagaki in 2004 paper37 
proposed new classification of carbon nanomaterials. He selected three groups of carbon 
materials: 
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1) Carbon materials produced by vaporization of carbon clusters and 
fragments, 
2) Carbon materials produced by catalytic growth initiated by nanosized 
metallic particles, 
3) Carbon materials produced by other processes, such as templates, 
polymer blends, etc. 
We consider this classification as the most straightforward from the standpoint of 
nanomaterial chemistry.  
2.1.3. Functionalization of Carbon Nanotubes 
 The carbon nanotube unique properties make it desirable for different 
applications. For most of these applications nanotubes require functionalization, such as 
changing some of the graphite properties to make nanotubes soluble in different media, or 
attaching different groups or even inorganic particles for future utilization of modified 
nanotubes. 
All functionalization methods of carbon nanotubes can be divided into two major 
groups (Figure 2.7):  
1. Functionalization from inside (endohedral),38 shown in Figure 2.7 (E), 
meaning that nanotubes are functionalized by filling them with different 
nanoparticles, this can be achieved either by 
i) Exploiting the phenomenon of spontaneous penetration when 
nanotubes are filled with colloidal suspensions followed by 
evaporation of the carrier liquid; or by 
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ii) Wet chemistry, when the nanotubes are filled with some 
compounds, which react under particular thermal or chemical 
conditions and produce nanoparticles. These nanoparticles then 
become trapped in the nanotubes. 
 
 
Figure 2.7. Functionalization possibilities for SWNTs: A) defect-group functionalization, 
B) covalent sidewall functionalization, C) noncovalent functionalization with surfactants, 
D) noncovalent exohedral functionalization with polymers, and E) endohedral 
functionalization.38 
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2. Chemical functionalization from outside (exohedral),38 Figure 2.7 (A-
D). This group also can be subdivided into three subgroups based on the 
mechanism of attachment of different groups or compounds to the 
sidewall of the nanotube: 
i) Covalent functionalization by attaching functional groups to the 
nanotube ends or defects;38,39 
ii) Covalent functionalization through “sidewall  
functionalization”;38,39 
iii) Noncovalent exohedral functionalization, for example, wrapping 
nanotubes by polymers.38  
 
 
This thesis deals with two types of functionalization of multiwalled carbon 
nanotubes. The first is based on filling nanotubes with particulate fluids to obtain 
nanoparticles inside the tube. The second is achieved by covalent attachment of metallic 
nanoparticles to nanotube sidewalls modified by the Bingel reaction. Therefore we will 
review here the methods of these types of functionalization, proposed in literature, which 
we feel are relevant to the topic of this research. 
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2.1.3a. Endohedral functionalization: Filling of carbon nanotubes with colloidal 
suspensions 
 
i) Filling by exploiting the phenomenon of spontaneous penetration 
By computer simulation, Broughton and Pederson in 1992 predicted that carbon 
nanotubes absorb some liquids by capillary action.40 Capillary absorption is caused by 
extra pressure given by the Laplace equation of capillarity: 
R
cosPP ma
θγ2=− ,                       (2.1)  
where 
Pa   is the atmospheric pressure, 
Pm is the pressure under the meniscus, 
γ  is the surface tension at the liquid/air interface,  
θ is the liquid-solid contact angle and 
R is the inner radius of the nanotube, see the schematic in Figure 2.8. 
 
 
θ
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Figure 2.8. Illustration to the Laplace equation. 
 
 
 From the Laplace equation, we see that the difference ∆P = Pa - Pm will be 
positive whenever θ < 90°, and negative when θ > 90°. Since the meniscus forms 
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spontaneously, this extra pressure will pull the liquid into the nanotube if ∆P > 0, 
provided that the pressure in the reservoir is atmospheric. In other words, to fill the 
nanotubes with some liquid, the contact angle that the meniscus forms with the nanotube 
wall must be less than 90°. If the contact angle is greater than 90°, extra pressure must be 
applied to the liquid in order to impregnate the nanotube.41  
 The contact angle is related to the surface energies of the constituent materials 
as:42,43   
lv
slsvcos γ
γγθ −= ,             (2.2) 
where ,, slsv γγ  and lvγ  are the surface energies (the energy per unit surface area) at the 
solid-vapor, solid-liquid, and liquid-vapor interfaces, respectively.41,43  
  
 
 
 
 
 
 
 
Figure 2.9. The force balance at the triple line.43 
 
For liquids, the surface energy is exactly the surface tension, i.e., the spontaneous force 
acting at the imaginary cut to resist the surface extension. Similar membrane analogy can 
be applied with some restrictions to solids as well, leading to the so-called Young-
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Laplace equation (2.2). Indeed, the force balance at the triple line, which is shown 
schematically in Figure 2.9 results in (2.2). 
Dujardin with coworkers made the first experiments on filling MWNTs with 
cesium, selenium, and sulfur and empirically found that materials with surface tension 
less than 200 mN/m could fill the nanotubes by capillary action.41 At first sight, this 
contradicted results obtained by Ajayan and Iijima in 1993 when they filled the 
nanotubes with melted lead.44 In their experiment, lead particles were deposited by laser 
evaporation onto outer walls of the carbon multiwalled nanotubes, and then these tubes 
were annealed at a temperature higher than the melting point of the lead (400°C). 
Approximately 1% of the tubes were filled by this method.44 The surface tension of this 
metal is much higher than 200 mN/m, and so the pressure outside the nanotubes must be 
of the order of 1000-10000 atm in order to fill them with pure lead.41 The Dujardin paper 
suggested that the filling with lead,44 bismuth,45 and cesium41 was done in an oxidizing 
environment, which means that these metals formed compounds with oxygen or 
dissolved oxygen and/or carbon. The carbides or oxides of those metals have a surface 
tension lower than the surface tension of pure elements, allowing compounds to fill the 
nanotubes by capillary action. Therefore, we can assume that the reported filling of 
nanotubes with metals, in fact, is the filling of the nanotubes with the metal oxides. 
 
ii) Wet chemistry method of filling nanotubes 
In 1994, Tsang and coworkers produced nanotubes filled with corresponding metal oxide 
compounds while opening a nanotube with nitric acid solution containing metal (cobalt, 
nickel, iron, uranyl) nitrate.46 Chu et al. showed the filling of MWNTs with gold and 
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silver by the same wet chemistry method.47  First, the nanotubes were filled with metal 
salt, Ag(NO3) or AuCl3, then they were heated in a furnace at 250°C (for Ag(NO3)), or at 
160°C (for AuCl3). These temperatures cause the metal salts to decompose into their 
respective elements. The authors claimed that 70% of the resulted nanotubes were filled, 
but with a very small amount of metal particles, as seen from Figure 2.10. 
 
 
Figure 2.10. High-resolution transmission electron microscope (HRTEM) image of a 
carbon nanotube filled with silver crystals by wet chemistry method. 47 
 
 
Ugarte et al., in 1996, similarly reported on MWNT filling with silver.48 First, the 
group filled nanotubes with molten silver nitrate salt. Then, under an electron beam in the 
transmission electron microscope chamber, the silver nitrate was decomposed and silver 
nanoparticles were formed inside the nanotubes.  
The proposed reaction was the thermolysis of the metal salt:  
2AgNO3 → 2Ag + 2NO2 + O2  
The filling efficiency was estimated to be ~ 2-3%. 
Using the same approach, capillarity and wet chemistry method, the Kyotani’s 
group in 1997 prepared platinum nanorods and nanoparticles in carbon nanotubes, which 
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were grown by CVD in pores of an alumina template.49  First, the platinum salt 
(hexachloroplatinic acid – H2PtCl6·6H2O) was introduced into the system containing 
carbon nanotubes, which were formed by CVD in the pores of the alumina template. 
Then, platinum was reduced (1) by hydrogen at 500°C, or (2) with excess of 0.1 M 
sodium borohydride (NaBH4) at room temperature. The metal filling was done while the 
nanotubes were still in the alumina template. Interestingly, by the reduction of platinum 
with hydrogen at 500°C, the researchers obtained the platinum rods. The diameter of 
these rods depended on the inner diameter of the tubes and their length was more than 1 
µm. At the same time, by the reduction with sodium borohydride at room temperature, 
the resulting reduced platinum was in the form of nanoparticles from 1 to 5 nm in 
diameter, (Figures 2.11, 2.12).  
 
 
 
Figure 2.11. Transmission electron microscope (TEM) images of Pt/carbon composites 
reduced at 500°C. The inset (c) shows the electron diffraction pattern from the image. 49 
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Figure 2.12. TEM images of Pt/carbon tube composites reduced at room temperature.49 
 
 
Some attempts were made to fill nanotubes by mixing them with metal nitrates in 
nitric acid at reflux conditions.46 This method allowed the opening and simultaneous 
filling of nanotubes with metal oxide, which was formed from metal nitrate. Metals used 
were cobalt, nickel and iron. The researchers tried to fill nanotubes with metals, which 
would have given the nanotubes magnetic properties. This method was not successful, 
since the resulting nanotubes were filled with metal oxides; and no magnetism of these 
tubes was reported. 
2.1.3b. Exohedral Functionalization  
The purpose of the chemical functionalization of the outer walls of nanotubes, or 
exohedral functionalization, is to make nanotubes soluble in different media. This is 
needed, for example, to make composites, and to attach different groups or metals for use 
in sensors.  
Two major groups of chemical functionalization of CNTs via covalent attachment 
can be selected:50 
 27
i)  First is the functionalization via “end and defect-side chemistry”.38,51 When the 
nanotubes were discovered, Iijima described the structure of carbon nanotubes as perfect 
graphite sheets rolled into nanocylinders. In reality, there are no perfect nanotubes rolled 
from the perfect graphitic sheets. Some nanotubes are bent or have defects; for example, 
Stone-Wales defects, which are comprised of 5 and 7 rings as shown in Figure 2.13(a).  
These kinks or corners are mechanically stressed; therefore, they are potential 
sites for chemical modification.  It was also shown that functional groups, mostly 
carboxylic ones, are always present on the ends of the carbon nanotubes, as seen in 
Figure 2.13(b). Thus, end and defect size functionalization was first explored. 
 
 
 
Figure 2.13. (a) Stone-Wales (or 7-5-5-7) defect on the sidewall of a nanotube.52 (b) 
Typical defects in SWNT. 38 
 
 
ii) The second group of covalent attachment is modification through “sidewall 
functionalization”. By treatment of nanotubes in an oxidizing environment, for example 
(a) (b) 
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in a mixture of concentrated nitric and sulfuric acids, the oxygen-containing groups are 
introduced to the ends and sidewalls of the tubes. These groups, which are chemically 
attached to the tubes, are mostly represented by –COOH groups, less by –C=O, and –OH 
groups.50,53,54 These groups can serve as starting points for further functionalization of the 
nanotubes.55-57  
 
Other popular types of chemical functionalization of CNTs are:  
1) Fluorination of multiwalled nanotubes,58-60 which achieves a high degree of 
functionalization and, like carboxylation, allow to further modification of 
nanotubes by replacing fluorine with other functional groups.50,52,61 
2) Amidation of CNTs, which can be done on the already carboxyl-functionalized 
nanotubes via treatment in octadecylamine (ODA). Amidation also can be done 
by first substituting a hydroxyl (–OH) group in a carboxylic (–COOH) group on 
chlorine by treatment in SOCl2 with the following addition of a long chain 
molecule of octadecylamine.56,62 Schematics of these reactions are shown in 
Figures 2.14 and 2.15. 
 
 
 
 
 
 
 
Figure 2.14. Schematic of one type of chemical sidewall functionalization of  SWNTs.62 
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Figure 2.15.  Schematic representation of the chemical modification of CNTs through 
oxidation followed by the esterification or amidization of the carboxyl groups.52 
 
 
 
iii) Third, the most popular class of functionalization of nanotubes is the noncovalent 
exohedral functionalization, for example, wrapping nanotubes in polymers, peptides, or 
surfactants. While this type of functionalization does not produce stable functionalized 
nanotubes, the advantage of this method is that it does not destroy the electronic structure 
of the nanotubes. 55  
iv) In order to avoid using the solvent required for CNT functionalization, attempts were 
made to develop solvent-free covalent functionalization of CNTs. Nanotubes were mixed 
with various anilines and isoamyl nitrite or sodium nitrite to produce nanotubes with 
covalently attached different chemical groups, as shown in Figure 2.16.63  
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Figure 2.16. Scheme of the solvent free functionalization of CNTs with various 4-
substituted anilides and isoamyl nitrite or sodium nitrite/acid. 63 
 
 
 
Another approach for CNT functionalization is exploring the Bingel modification 
of carbon nanotubes. Bingel modification is the [2+1] cycloaddition reaction, which was 
first performed on fullerenes in 1993 by Bingel.64 Unlike the planar graphite, the bonds in 
fullerenes are under stress because the benzene rings in fullerenes are bent. The bending 
energy in fullerenes, δHf,  is 10.16 kcal/mol, whereas δHf of graphite is 0 kcal/mol.65 This 
non-zero bending energy makes the Bingel reaction of nucleophilic cycloaddition 
possible for fullerenes. Bingel reaction happens often due to the chemistry of 
fullerenes.50,65-70 The schematic representation of the mechanism is drawn in Figure 
2.17.71  
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Figure 2.17. Schematic representation of the Bingel modification of fullerenes. The first 
step (1) is creation of C-nucleophile by deprotonation of halo-ethers or haloketones; the 
second step (2)  is intermediate; and the third step (3) is cyclopropanation of fullerenes.71   
 
 
 
This reaction covalently modifies fullerenes preparing them for further 
functionalization.  
In 2003, Coleman and coauthors reproduced this reaction on singlewalled carbon 
nanotubes. The Bingel modification was followed by a reaction of transesterification, 
when 2-(methylthio)ethanol replaced the (-CH2CH3) group. As a result, the sulfur-
containing group was attached to the wall of the nanotube. The next step was to introduce 
gold nanoparticles into the system, where sulfur-gold bridges allow the attachment of 
metallic nanoparticles to the walls of nanotubes.72 The schematic of the functionalization 
of Bingel modified nanotubes is shown in Figure 2.18. The advantage of this 
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modification is that the nanotubes do not need to be oxidized and it is not required for 
them to have defects. 
 
 
 
Figure 2.18. Schematic representation of chemistry of (i) cyclopropanation of SWNT 
and the following (ii) transesterification reaction with 2-(methylthio)ethanol for (iii) the 
covalent attachment of gold nanoparticles; and (iv) fluorine markers for AFM and 19F 
NMR, respectively.72  
 
 
Any functionalization of CNTs is made to change properties such as solubility, 
conductivity, magnetism, etc., thus making nanotubes applicable for different purposes. 
Usually all manipulations are made with the outer walls of CNTs. The new nanotubes, in 
particular functionalized with metallic nanoparticles, can be used in building 
nanodevices, as sensors for medicine, or in nano-optoelectronics. 
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In this thesis, the possibilities of endohedral functionalization of the multiwalled 
nanotubes via filling with particulate fluids will be explored. Also the Bingel 
modification of the multiwalled nanotubes with the subsequent attachment of the metallic 
nanoparticles to the walls of the modified nanotubes will be investigated. 
2.1.4. Some Applications of Functionalized Carbon Nanotubes 
One of the first applications with multiwalled carbon nanotubes was proposed by 
Baughman, Zakhidov, and Heer.2 It was the use of multiwalled carbon nanotubes as 
reinforcement or as electrically conductive components in polymer composite materials. 
Due to the nanotube unique properties and light mass, the resulting polymer materials 
with nanotubes have improved mechanical strength and electrical conductivity.73  
Scanning tips for Atomic Force Microscopes (AFM) are considered another 
popular application for carbon nanotubes. In addition to carbon nanotube mechanical 
strength and chemical inertness, another unique property, such as high flexibility, is 
characteristic of the CNTs.74 Larsen et al. reported comparison of CNT probes with 
commercial etched silicon probes. The researchers reported that they did not observe any 
degradation of resolution during intermittent-contact imaging of polycrystalline silicon’s 
rough and hard surfaces. Because of the CNT needle-like shape as opposed to the 
triangular shaped silicon probe, the CNT could scan and show detailed morphologies, not 
seen with regular probes. Samples scanned with CNT probes showed negligible wear in 
comparison with silicon probes.75  
Our group studies the fluid transport properties of nanotubes in order to explore 
their use in nanofluidic devices.76-84 Functionalization is a necessary step to make 
nanotubes responsive not only to mechanical loads, but to electro-magnetic forces as 
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well. Magnetic nanotubes, for example, are attractive for use in polymer composites with 
aligned paramagnetic needles or as magnetic stirrers in microfluidic and nanofluidic 
devices. Functionalization of the outer surface of carbon nanotubes enriches the carbon 
nanotubes with additional properties, such us solubility and compatibility with different 
materials, thus making them attractive for composites and functional suspensions and 
colloids useful in different aspects of our life. 
 
2.2. OBJECTIVES 
 
The main purpose of this work is to develop efficient methods of nanotube 
functionalization using metallic nanoparticles as carriers of desired properties.  
First, we study the filling of nanotubes with different particulate fluids. We have 
chosen ferrofluid as the most important particulate fluid, because it carries magnetic 
nanoparticles. This fluid is valuable for two reasons: we were able to show that nanotubes 
can be filled with a colloidal liquid, and at the same time we produced nanotubes with 
magnetic properties. Magnetic nanotubes can be easily manipulated with a magnetic field 
without interfering with the physiological state of the human body. Therefore, these 
nanofluidic devices, for example, nanopipettes, can be remotely controlled to probe 
individual cells. These nanopipettes from magnetic nanotubes prepared by the method 
described in this Thesis for the first time have been made in Gogotsi’s group and will be 
briefly described in Chapter 5, Applications.79  
Another method studied in this thesis was based on modification of the CNT 
walls via the Bingel reaction. We explore a possibility of attaching gold nanoparticles to 
the external side of the multiwalled carbon nanotubes. The challenge is that the MWNT 
 35
have much greater radii, and the chemistry developed for singlewalled nanotubes might 
be more difficult to implement in this case.  
Thus, two different approaches are considered in this thesis: one deals with 
nanotube functionalization through capillary-induced filling of the nanotube with 
colloidal liquids, and the other concerns the covalent attachment of metal nanoparticles to 
the nanotube walls.  
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CHAPTER 3. MATERIALS AND EXPERIMENTAL 
 
3.1. INTRODUCTION 
Sample preparation techniques, procedures, instrumentations, and reagents are described 
in this chapter. Calculations and any deviations from standard protocols are presented in 
the Results and Discussion chapter. 
 
3.2. CARBON NANOTUBES MADE BY NON-CATALYTIC CHEMICAL VAPOR DEPOSITION 
The main problem with carbon nanotubes is that practically all of them have 
various amounts of impurities. Another problem is that nanotubes from the same batch 
can have different diameters and structures. Their tips are closed, and they contain 
catalyst nanoparticles and internal closures that make them unsuitable for nanofluidic 
applications or filling with particles. The standard methods of production of carbon 
nanotubes require purification and separation of the nanotubes with different diameters or 
with different wall structures. The non-catalytic chemical vapor deposition (CVD) 
method,1,2 which is used to grow multiwalled carbon nanotubes in our lab, does not 
require nanotube purification and separation. The tubes grown by this method do not 
contain any catalytic nanoparticles. In addition, this method produces nanotubes, which 
are straight and uniform. By changing the time of the CVD process, we can control the 
nanotubes’ wall thickness. Moreover, with the ability to synthesize anodic membranes, 
which we use as templates for growing nanotubes, we can control the nanotubes’ 
diameter and length. 
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3.2.1. CVD of Carbon Nanotubes 
In our experiments, we used commercially available nanotubes and home-produced ones. 
Homegrown CNTs were synthesized by a non-catalytic chemical vapor deposition (CVD) 
technique inside the pores of the alumina template. The alumina template was either 
produced in our lab or we used the commercially available one. Commercial membranes 
of 13 mm diameter, 60 µm thicknesses, and 200 nm pore size were obtained from 
Whatman®, Inc., England. The nanotubes were formed in the straight cylindrical pores, 
which run through the membrane thickness. The pore diameter and membrane thickness 
determine the dimensions of the nanotubes.  
The schematic of the CVD setup is shown in Figure 3.1. The templates, either 
commercial or prepared in the lab, were placed in a quartz tube. The inner diameter of the 
tube was the same as the template diameter. A quartz sample holder with the template 
was positioned perpendicularly to the gas flow. To make good-quality CVD carbon 
nanotubes in a furnace, the holder with templates has to be positioned in the center of the 
quartz tube. A maximum of nine alumina templates may be placed in the tube for one 
CVD process. The quartz tube was placed in the furnace and connected to the gas source. 
First, the templates were flashed with argon at 20 cc/min, while the temperature was 
programmed to increase to the desired level, usually 670°C. Once the furnace reached the 
programmed temperature, the gas flow was switched from argon to a mixture of 30% of 
ethylene in helium at the same flow rate, 20 cc/min. The CVD process continued for 6 
hours. The CVD is the reaction of pyrolysis of ethylene, when the formed carbon is 
deposited on the walls of the pores of the alumina membrane. Pyrolysis of ethylene 
follows the equation: 
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242 22 HCHC
Ct +⎯→⎯°  
 
After 6 hours, the gas was switched back to argon, and the furnace was set to cool 
down to room temperature. Cooling usually requires the whole night to avoid thermal 
stress and fracture of the membranes. Next day, the alumina templates with the formed 
CVD nanotubes were taken out of the furnace and were ready for further manipulations. 
After the CVD process, the quartz tube and holders had to be cleaned of deposited 
carbon; the cleaning was done at 870°C in air in the same furnace. The cleaning-burning 
process and cooling off the furnace take two days. As a result, nine alumina templates 
with CVD nanotubes were made in three days.(i) 
 
 
 
 
 
 
 
 
 
Figure 3.1. Schematic of the chemical vapor deposition setup.3 
 
------------ 
 (i) – Our method was adapted from papers by Kyotani et al.,1,2 where the propylene was used as a carbon 
source. Dr. Patrick Ndungu, a former graduate student in the lab of Prof. J.-C. Bradley, developed a 
procedure with ethylene as a source of carbon.4 Since then, we have used premixed 30% ethylene with 
helium for CVD of carbon nanotubes. 
C2H4   Ar
5 Water
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Releasing nanotubes from the alumina template: The nanotubes grown by the CVD 
method are incorporated into the pores of the alumina templates. To release the 
nanotubes, the templates were placed in a round-bottomed flask with 1 M NaOH 
solution. This solution was boiled and stirred under reflux conditions until the alumina 
template was dissolved, most likely by this reaction: 
 
2NaOH + Al2O3· H2O → 2NaAlO2 + 4H2O, 
or  Al2O3 + 2NaOH +3 H2O → 2NaAl(OH)4. 
 
Then carbon nanotubes were released from the membrane. 
After dissolving the alumina, we obtained a black homogeneous suspension of 
carbon nanotubes. The next step was to collect the nanotubes via filtration using a 
polyester membrane with 0.2-µm pores. Collected on the membrane surface, the 
nanotubes were thoroughly rinsed with DI water until the rinsing water on the exit 
showed a neutral pH, which was checked with pH paper (Fisher). The CVD technique 
usually produces perfect straight uniform multiwalled carbon nanotubes, as shown in 
Figure 3.2. The resulting nanotubes appear with open ends on one or both sides, and their 
walls are highly disordered and hydrophilic, which allows water to invade the tubes.5-7 
That makes it possible to fill the nanotubes with both organic and water-based fluids.   
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200 nm  
Figure 3.2.  Environmental scanning electron microscope (ESEM) image of CVD carbon 
nanotubes after being released from the membrane.8 
 
At the moment, only membranes with pore sizes of 200 and 100 nm are available 
on the market. The pores in commercial templates are not uniform throughout the 
membrane. Sometimes they have branches, and, most importantly, the pore size 
distribution is broad, as seen in Figure 3.3. 
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(a) (b)
 
Figure 3.3. (a) Pore size distribution for a commercial alumina membrane (Whatman 
Anodisc®) calculated from SEM image analysis.8 (b) SEM micrograph of the 
commercial, Whatman Anodisc®, alumina membrane.8 
 
 
While working on a project on nanofluidic devices with other students in our 
research group, we found it necessary to produce carbon nanotubes with a wide range of 
diameters and lengths. Therefore, we decided to develop a standard procedure for the 
synthesis of anodic aluminum oxide membranes. 
3.2.2. Anodic membranes 
To produce nanotubes with controllable length and pore size, we adopted a well-known 
methodology for membrane fabrication.  
The main chemical reaction during aluminum electrochemical oxidation is as follows:9 
2 Al + (3O2-)oxide → Al2O3 + 6 e- 
H2O → 2H+ + (O2-)aq 
(O2-)aq → (O2-)oxide 
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In the literature, we found a sufficiently long list of electrolytes used: sulfuric acid 
(H2SO4)10-15, oxalic acid (COOH)210,12-18, sodium tungstate (Na2WO4)17, phosphoric acid 
(H3PO4)10,12,13,17, and hypophosphorous acid (H3PO2)17, and even combinations of some 
of them.17  
We have empirically chosen two acids: sulfuric, 0.5 M, and oxalic, 0.3 M. 
Anodization of aluminum foil in sulfuric acid allowed us to prepare anodic oxide films 
with pore size ranging from 10 nm to 30 nm. Anodization in oxalic acid gave us pore 
diameters ranging from 40 nm to 100 nm, (Figure 3.4). 
Since pores 10 nm in diameter have not been reported in the literature, we 
consider this procedure an important improvement to the existing methodology. The 
description of the procedure therefore deserves special attention. 
 
200 nm 200 nm
(a) (b)
 
 
Figure 3.4. SEM images of alumina membranes produced by anodic oxidation of 
aluminum in (a) sulfuric acid, 26 V, 15.5°C, 6 h; and (b) oxalic acid, 40 V, 16°C, 13.5 h. 
 
 
 
The preparation of alumina oxide films consisted of three major steps: 
1) Electropolishing of aluminum foil. 
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i) As received, aluminum foil (10x10 cm2, 0.25 µm thickness, Alfa 
Aesar, 99.999% metal) was cut into strips approximately 20 by 70 
mm. 
ii) Strips were degreased in acetone in a sonicator bath for 5-8 min. 
(Sonicator – Branson Ultrasonic Cleaner 1510R-MTH, 70W, 42 KHz 
+/-6%) 
iii) Electro-polishing of the degreased foil was made in a 30% solution of 
perchloric (HClO4) acid in ethanol (C2H5OH) in a dry ice-acetone bath 
at approximately minus 65-72°C. An aluminum strip was connected to 
the anode, and a stainless steel plate served as a cathode. Electro-
polishing continued for 20 min in a 100-mL beaker with vigorous 
stirring at 20 V. In one portion of the prepared solution of perchloric 
acid/ethanol, only three strips could be polished with good results.  
iv) After electro-polishing, the aluminum strips were rinsed in ethanol, 
dried in the open air, and were ready for anodization. Since the 
anodization setup allowed us to work with only one piece at a time 
(foil size is 15 by 15 mm2), the remaining electro-polished pieces had 
to be stored in a dry, non-oxidizing atmosphere, to avoid spontaneous 
oxidation of the aluminum. A vacuum desiccator was used for this 
purpose. 
2) Anodic oxidation of aluminum.  
i) The piece of electro-polished aluminum foil ~ 15x15 mm2 was 
mounted on a specially designed sample holder, which allowed only  
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small area with a diameter of 13 mm to be exposed to the anodizing 
treatment.(a)  
ii) This holder was connected to the anode and placed in a jacketed 
beaker. The cathode was a piece of stainless steel, bigger than the 
aluminum-holder. The jacketed beaker was connected to the cooling 
bath and placed on a stir plate. The anodization temperature was 
different for different electrolytes. Sulfuric acid, 0.5 M concentration, 
required a lower temperature; usually it was around 0°C. Anodization 
in 0.3 M oxalic acid was made at higher temperatures, around 10-
15°C. Moreover, if we needed to produce a membrane with larger 
pores, we used a higher voltage; higher voltage requires a lower 
temperature. Anodization was done at DC current, current density ~ 
122.2 A/m2, at constant voltage, 40 or 60 V for oxalic acid 
anodization, and 10 or 20 V for anodization in sulfuric acid; and 
constant temperature with vigorous stirring. The anodization lasted 14 
hours for oxalic acid and 5 to 6 hours for sulfuric acid. The longer the 
anodization, the deeper the pores, therefore the longer the resulting 
CNTs. Since sulfuric acid is stronger, the time for anodization in 
sulfuric acid was almost twice as short, with the same results for the 
pore size as those for anodization in oxalic acid.  
iii) After anodization, the current was stopped; the sample was taken from 
the solution, rinsed with DI water, and air-dried. 
 
----------------- 
(a) The design was done in Professor Bradley’s lab by Dr. S. Babu 
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3) Removal of the residual foil. Anodization was performed on only one side of the 
aluminum foil; the opposite side was tightly protected from the electrolyte. This 
was done because during anodization with both sides exposed to the electrolyte, 
the pores grow from both sides, and they do not connect with each other, making 
pores going from each side independently. 
i) The anodized side of the membrane was covered with nail polish to 
protect the open pores from the post-treatment. 
ii) The piece of anodized membrane was immersed in cupric chloride 
solution in water and hydrochloric acid (100 mL H2O + 100 mL HCl + 
3.4 g CuCl2xH2O) to remove the backing aluminum (not anodized 
layer), which is always present.19,20  
iii) When the small piece of alumina became almost transparent, the 
cupric chloride treatment was stopped. The membrane was rinsed in 
DI water and air-dried.  
iv) Pore opening. During the anodization process, we left only one side of 
the prepared aluminum exposed to the electrolyte. Therefore, pores 
grew from one side, forming the barrier layer between the not-yet 
oxidized aluminum and the electrolyte19-21 (Figure 3.5). 
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Figure 3.5.  Schematic diagram of a porous anodic film on aluminum, showing pores in 
the cross-section and at a plane through the oxide, each in a hexagonal cell. During 
anodizing, the field is distributed across the scalloped barrier layer, separating the 
electrolyte within the pores from the aluminum metal.21 
 
 
v) When the backing of the anodized aluminum was dissolved in the 
cupric solution, the barrier layer was still present. This layer naturally 
closes pores, and for some purposes, as, for example, growth of the 
nanotubes with one end closed, the process of the template synthesis 
could be stopped. For our purposes, producing nanotubes for 
nanofluidic devices, the synthesized tubes had to be straight and with 
both ends open. Therefore, the capped ends had to be opened. The 
opening of the capped ends can be done by different techniques; we 
have chosen treatment in phosphoric acid, 0.1 M, warmed up to 50°C. 
The membrane must be immersed in phosphoric acid for 45-60 min. 
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After this treatment, the membrane should be rinsed thoroughly with 
DI water.  
vi) The final step was the removal of the protective layer of nail polish 
with acetone. 
3.2.3. Annealing of Carbon Nanotubes 
 As-produced CVD CNTs have an amorphous, turbostratic graphite wall 
structure.22 This structure allows the CNT to be partly hydrophilic as well as 
hydrophobic. For our experiments, we mostly used as-produced CVD CNTs. For some 
purposes, which will be noted, we used annealed CVD CNTs.  
 The annealing was done as follows. Carbon nanotubes placed in a glassy 
carbon holder with a glassy carbon lid were annealed in vacuum (10-6 Torr) for 2 hours at 
1800-1850°C in a furnace using graphitic heating elements (Solar Atmosphere, PA). The 
resulting CNTs had a graphitic structure, in contrast to the amorphous (turbostratic 
structure) of the as-produced CVD CNT, which is clearly seen in Figure 3.6. 
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as-produced 1850 °C(a) (b)
 
 
Figure 3.6. Transmission electron microscope (TEM) micrograph of the walls of (a) as-
produced CVD nanotubes and (b) same tubes, annealed at 1850°C. The scale bar is 5 
nm.22 
 
 
Figure 3.7 shows two Raman spectra, taken on the Renishaw micro-spectrometer, of 
CVD CNTs as-produced and CVD CNTs annealed at a temperature of 1850°C in a 
vacuum furnace.  
 
 
 
 
 
 
 
 
 
 
Figure 3.7 Raman spectra of two samples: CVD CNTs as-produced and CVD CNTs 
annealed at a temperature of 1850°C. 
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The wide D-band in the Raman spectrum of the CVD as-produced nanotubes suggests 
that these nanotubes have a disordered amorphous structure. The narrow D-band in the 
spectrum of annealed nanotubes and the sharp and more intense G-band, which is known 
as a characteristic vibrational band for graphitic structures, as well as the decreased ratio 
of D-band intensity to G-band intensity, show the change in the structure of the 
nanotubes from disordered, amorphous carbon in CVD nanotubes to more graphitized 
carbon in the annealed nanotubes. 
 
3.3. COMMERCIALLY AVAILABLE CARBON NANOTUBES  
Commercial nanotubes were received from Arkema Inc. (France). These nanotubes, 
which further will be called the Arkema nanotubes, were prepared by catalytic chemical 
vapor deposition (CCVD) method with iron as a catalyst, and have the size ranging from 
10-20 nm in diameter and up to a few microns in length, with graphitic wall structure. 
These nanotubes had approximately 10-20 layers in their walls, and some of them were 
bent (Figure 3.8).  Nanotubes were purified, but still might contain metal NPs, which 
were used as a catalyst in the process of the CNTs’ growth.23  
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Figure 3.8. TEM micrograph of as-received Arkema nanotubes. 
 
For particular experiments, which will be described below, the nanotubes were 
annealed at 1800-1850°C in a vacuum furnace (Solar Atmospheres) with graphite heaters 
at a pressure of 10-6 Torr.24 Annealing in a vacuum removes most of the catalyst particles 
and oxygen-containing groups, if they were present, from the surface of the nanotubes. 
Three samples of nanotubes, Arkema as-produced, Arkema air-oxidized, and Arkema 
annealed, were analyzed by a CHN elemental analyzer to compare the elemental 
compositions of the samples. The results are summarized in Table 3.1. Although the 
analyzer generated only contents of carbon, hydrogen, and nitrogen, we can assume that 
the remaining percentages are due to oxygen and some residual metallic catalyst content. 
It is clearly seen that the Arkema-annealed nanotubes did not contain any impurities, 
which were present in the as-produced nanotubes. 
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Table 3.1. Summary of CHN elemental analysis of the three types of Arkema nanotubes.* 
 
 
Contents, wt% 
 Samples Probes Weight, mg 
  Carbon  Hydrogen   Nitrogen 
Sum of 
C,H,N, wt%
#1 1.554 93.99 0.08 0.04   
#2 2.911 93.54 0.13 0.04   
#3 2.66 93.53 0.13 0.06   
Arkema NTs as- 
produced 
Average 2.4 ± 0.6 93.7±-0.2 0.11±0.02 0.05±0.01 93.8 ± 0.2 
#1 1.243 82.94 -0.01 0.1   
#2 1.511 85.41 0.05 0.09   
#3 1.638 83.73 0.08 0.06   
Arkema NTs air 
oxidized 
Average 1.5 ± 0.2 84.03±1.03 0.04±0.04 0.08±0.002 84.2 ± 1.1 
#1 1.218 99.71 0 0.08   
#2 1.261 99.43 0.02 0.11   
#3 1.491 99.35 0.04 0.07   
#4 1.549 98.6 0.02 0.09   
Arkema NTs annealed 
Average 1.38 ± 0.01 99.3 ± 0.4 0.02±0.01 0.09±0.01 99.4 ± 0.4 
*The instrument gives < 0.3 % accuracy with 95 % confidence limits in CHN mode. 
 
3.4. NANOPARTICLES USED FOR EXPERIMENTS 
For functionalization of the nanotubes, we used nanoparticles in the form of colloids that 
were either commercially available or synthesized in our lab.  
3.4.1. Gold Nanoparticles 
Gold nanoparticles for the experiments were prepared using the well-established method 
of Turkevich, Stevenson, and Hillier.21,25,26 Gold nanoparticles were prepared by mixing 
20 mL of 1 mM solution of hydrochloroauric acid (hydrogen tetrachloroaurate - HAuCl4) 
with 2 mL of 1% trisodium citrate (Na3C6H5O7·2H2O) at boiling temperature (~ 100°C) 
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with vigorous stirring.26 We will call these conditions and the amount of compounds used 
as standard.  
While this reaction is widely used for colloidal gold synthesis, and has been 
studied intensively, it is still not clear which byproducts are formed during the reaction.25 
Sodium citrate in aqueous solution with a strong oxidizing agent, such as gold (III) salt, 
can give numerous sub-products. One of the possible stoichiometric reactions is proposed 
in Figure 3.9, where some byproducts are acetonedicarboxylic acid, carbon dioxide, 
sodium bicarbonate, and sodium chloride. In addition, possible sub-products are formic 
acid (HCOOH), formaldehyde (H2CO), carbon monoxide, and others. 
 
 
Figure 3.9. Schematic of the gold colloid synthesis. 
 
The average diameter of the prepared nanoparticles was 10-30 nm as reported by  
Malvern Zetasizer and by SEM image analysis. The zeta potential measured by Zetasizer 
was around –34 mV. The typical graphs of the measured zeta potential and the size of 
colloidal gold nanoparticles are shown in Figure 3.10. Zeta potential is a characteristic of 
the surface, in our case the surface of nanoparticles, which determines the stability of the 
colloidal suspension. When nanoparticles have a surface charge measured as zeta 
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potential of less than -30 mV, or greater than +30 mV, they repel each other, resisting 
agglomeration.27 
                    
(a) (b)
 
Figure 3.10. The typical Zetasizer measurements of (a) zeta potential and (b) size 
distribution of the red gold colloid. The zeta potential was measured three times, and the 
size was measured twice on the same sample, each measurement indicated by different 
color.  
 
 
Changing slightly some of the reaction conditions allowed us to vary the size of 
the gold nanoparticles. For example, if the reaction was carried out at a temperature of 
+40°C, the resulting gold colloid had a purple color, while under the standard conditions, 
the color was red. The typical spectra of red and purple gold colloids are shown in Figure 
3.11. 
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Figure 3.11. The typical UV-Vis spectra of prepared gold colloids, (a) red colloid 
prepared at boiling temperature, +100°C; and (b) purple colloid prepared at a temperature 
of +40°C. The inset shows the appearance of visible colors. Corresponding numbers 
show the wavelength where absorbance is maximum. 
 
 
 Increasing the amount of sodium citrate resulted in a sharp decrease in the size of 
the nanoparticles, as measured by Zetasizer. Some results of the size measurements of 
freshly prepared gold colloids are presented in Table 3.2.  
 
Table 3.2. Dependence of gold nanoparticle size on the amount of sodium citrate. 
Sample 
1 mM of 
hydrochloroauric 
acid, mL 
1 % sodium citrate, 
mL 
Size, measured by 
Zetasizer, nm 
A 20 2 11.2 ± 0.6 
B 20 5 1.7 ± 0.5 
C 20 10 1.5 ± 0.5 
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The color of the colloids prepared with increased amount of sodium citrate was 
also purple. The purple colloids were not stable; over time, they agglomerated. The 
atomic force microscopy (AFM) analysis showed a huge increase in the 
nanoparticle/agglomerate sizes, up to 170 nm. As was shown by the zeta potential 
measurements, not shown here, the purple colloidal nanoparticles have zero surface 
charge. This explains their instability and agglomeration.  
 
Since the standard conditions of the gold colloid synthesis (sample A in Table 
3.2) give more stable colloids, we chose to use these conditions in our experiments. 
 
 3.4.2. Magnetic Nanoparticles 
To fill the CNTs with magnetic particles, we used the following commercially available 
ferrofluids: water based (EMG 508 and EMG 705) and organic based (EMG 911 and 
EMG 909) (Ferrotec Corporation), which carry magnetite (Fe3O4) particles with a 
characteristic diameter of 10 nm. The nanoparticles in EMG 508 and in EMG 705 were 
suspended in water with anionic surfactant at 1.2 volume % of Fe3O4 (EMG 508) and 3.9 
vol.% (EMG 705). The organic-based colloidal particles in EMG 911 and in EMG 909 
were also covered with anionic surfactant and suspended in isoparafinic solvent at 2 % of 
volume concentration (EMG 911) and at 3.9% volume concentration (EMG 909). The 
exact nature of the surfactant was not provided, since it is proprietary information. A 
high-resolution TEM (HRTEM) image of the iron oxide nanoparticles is presented in 
Figure 3.12. 
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Figure 3.12.  HRTEM image of magnetic nanoparticles from commercial ferrofluid 
inside the CVD nanotube. 
 
 
3.4.3. Nanodiamonds 
The nanodiamond particles (UD 90 – ultra dispersed nanodiamond) were provided by 
NanoBlox, Inc. (Boca Raton, FL). The NDs were produced by detonation and purified by 
a sulfuric and nitric acids mixture by the supplier. Figure 3.13 shows high-resolution 
TEM images and PM3 optimized molecular models of nanodiamonds in the as-produced 
state (a and b) and after purification (c and d). The average size of the nanodiamond 
particles was 5-8 nm. Nanodiamonds usually contain a residue of amorphous carbon on 
their outer shells, even after purification. Oxidizing in the acid mixture introduces the 
oxygen-containing groups to the surface of the nanodiamond particles, as seen in Figure 
3.13 (d). Due to the large surface area of nanodiamonds, a high number of functional 
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groups is present on their surface,28-30 which makes nanodiamonds attractive for different 
applications, one of which is nanochromatography. 
 
5 nm
3 nm
carbon 
onions
nanodiamond
pure nanodiamond
(no sp2 shells)
amorphous 
carbon
As-received ND
ND purified 
by oxidation
PM3 model 
PM3 model 
•O
•H
•O
•N
•H
•S
TEM
TEM
sp2 carbon
sp3 amorphous 
carbon
diamond
diamond
a b
c d  
Figure 3.13.  High Resolution Transmission Electron Microscope images (a, c) and PM3 
optimized molecular models (b, d) illustrating the structure of as-produced (a, b) and 
oxidized (c, d) ND particles. Courtesy of Dr. Vadym Mochalin (Drexel University, 
Nanomaterials Group). 
 
 
The presence of impurities on nanodiamond surfaces can be illustrated by the data 
generated by the CHN analyzer, shown in Table 3.3. 
 
  
67
Table 3.3. The elemental content of carbon, nitrogen and hydrogen in the UD 90 
sample.* 
 
Contents, wt% 
Samples Probes Weight, mg
Carbon Hydrogen Nitrogen 
Sum of 
C,H,N, wt%
#1 3.207 78.95 1.22 2.45   
#2 2.695 79.03 1.2 2.44   
#3 3.445 79.13 1.15 2.49   
ND UD 90  
Average 3.1 ± 0.3 79.04 ± 0.07 1.19 ± 0.03 2.46 ± 0.02 82.7 ± 0.1 
*The instrument gives < 0.3 % accuracy with 95 % confidence limits in CHN mode. 
 
From Table 3.3, it can be implied that the oxygen content in nanodiamonds is 
approximately 17 wt%. Simple calculations show us that for each hydrogen atom, there 
are approximately 5 carbon atoms, and for each oxygen atom there are 6 carbon atoms. 
Nitrogen impurities are present from the method of nanodiamond synthesis by detonation 
in trinitrotoluene (TNT)/hexogen (RDX) (C6H2(NO2)3CH3/C3H6N6O6) mixture,28 whose 
structures are shown below: 
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3.5. BINGEL MODIFICATION OF MULTIWALLED CARBON NANOTUBES 
 
The work described in this Thesis deals mostly with the functionalization of multiwalled 
carbon nanotubes. The functionalized nanotubes were produced by filling them with 
nanoparticles, or by covalently attaching metallic nanoparticles to the outer walls of the 
nanotubes via a Bingel reaction. 
Bingel Modification. 
The method of Bingel modification of the nanotubes was adapted from fullerene 
chemistry.31 
All steps in the following procedure were held at room temperature. 
1) 0.1 g of CVD CNTs were dispersed in ~ 20 mL of dry toluene via sonication in a 
three-necked round-bottomed flask for 1-2 min, or until the nanotubes visibly 
formed even dispersion. 
2) The flask was mounted on the stir plate, and the stir bar was placed inside. Then 
the flask was connected through the reflux condenser to the bubbler. One side 
neck of the flask was connected to the nitrogen source; another side neck was 
tightly closed with a removable stopper for further addition of chemicals. Before 
any chemicals were added, the dispersion of the CNTs was purged for at least 5 
min with nitrogen. The schematic of the Bingel reaction setup is shown in Figure 
3.14. 
3) Then 4 mL (0.02 mole) of diethyl bromomalonate were added, and immediately 2 
mL (0.013 mole) of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) or 1 g (0.027 
mole) of NaH in oil (60% NaH) were added. The dispersion was left overnight for 
reaction to complete. 
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Figure 3.14.  Schematic of the Bingel reaction set up. 
 
4) The next day, the reaction was quenched with 2 mL (0.027 mole) of 
trifluoroacetic acid (TFA) when DBU was used as a deprotonating agent or with a 
few drops of 2N sulfuric acid when NaH was used. 
5) The dispersion was mixed for a few minutes, and then the flask was disconnected 
from the nitrogen and reflux condenser. 
6) After that the dispersion was filtered using vacuum suction to collect nanotubes. 
Nanotubes were collected on the polyester-filtering membrane of 45-mm diameter 
with 0.2-µm pore size. Then the black area formed on the filter was thoroughly 
rinsed with toluene, following with ethanol. 
7) Filtering membrane with collected nanotubes was transferred into 50-mL 
polyproplylene centrifuging flasks. Fresh ethanol was added up to the top. 
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Dispersion was centrifuged three times (at 3000 rpm with the distance form the 
center of the chamber to the tubes with samples approximately 20 cm), for 25 
min. Each time the supernatant was decanted, fresh ethanol in the amount of 
approximately 40-45 mL were added, and centrifuging was repeated. The 
centrifuge used was the DuPont Sorvall® T 6000D (GMI, Ramsey, MN). The 
nanotubes that remained after the last centrifugation were filtered using a similar 
polyester membrane with 200-nm pores. Then the nanotubes were transferred into 
a 20-mL vial and left to dry in a lab oven at a temperature of around +70°C.  
 
For the next step -  
Transesterification with 2-(methylthio)ethanol in diethyl ether, 
1) The dry CNTs were combined with a solution of 5 mL (0.06 mole) of 2-
(methylthio)ethanol in 6 mL of diethyl ether. The dispersion was left overnight 
with stirring at room temperature. 
2)  Then the nanotubes were filtered under the usual conditions, rinsed thoroughly 
with ether and ethanol. Left to dry in lab oven. 
3) After that 2-3 mL of gold colloidal suspension were added to the dry nanotubes in 
a 20-mL vial. The color of the colloid changed immediately from the 
characteristic red to discolored, showing that the gold nanoparticles reacted with 
the nanotubes. 
 
The complete schematic representation of the Bingel reaction and the following steps of 
the covalent modification of the carbon nanotube are shown in Figure 3.15. 
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Figure 3.15. Schematic representation of the Bingel reaction and the following steps of 
the covalent modification of the carbon nanotube. 1) Bingel reaction: diethyl 
bromomalonate and 1,8-diazabicyclo[5.4.0]undecene (DBU) or NaH, room temperature.  
2) Transesterification with 2-(methylthio)ethanol in diethyl ether, room temperature.  
3) Introduction of preformed gold colloids. 
 
Nanotubes then were centrifuged three times similar as they were centrifuged after the 
Bingel reaction to make sure the gold nanoparticles, which did not participate in 
functionalization, were washed out. 
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Before the CHNS (carbon, hydrogen, nitrogen and sulfur elemental analyzer) and X-ray 
photoelectron spectroscopy (XPS) analyses, modified nanotubes were washed via the 
Soxhlet apparatus. For our purposes, we replaced the regular thimble made from thick 
filter paper on the glass thimble with a fritted disc on the bottom. We placed the filtering 
polyester membrane, 200 nm pore size, on the fritted disc. To hold this membrane close 
to the fritted disk, we made a glass cylinder with a diameter smaller than the diameter of 
the glass thimble. The glass cylinder was inserted into the thimble to support the filtering 
membrane while the solvent was collected in the thimble. In this design, the nanotubes 
were kept in the thimble, and the distilled ether was collected in it and washed the 
nanotubes of any residual chemicals. The apparatus was connected to a round-bottomed 
flask with ether and to the reflux condenser. The flask was placed on a hot plate and was 
heated to the boiling temperature of ether, ~ 34.6°C.32 (Figure 3.16)  
 
 
 
 
 
 
 
 
 
 
Figure 3.16. The Soxhlet apparatus set up. 
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After ~ 3 hours of ether boiling, the procedure was stopped, and the nanotubes with 
membrane were taken off from the apparatus, air-dried, and stored in a vial. 
 
3.6. REAGENTS 
DI water was obtained from the Chemistry, and/or Materials Science and 
Engineering Departments.  
Commercial CNTs (of 10-20 nm diameter) were provided by French firm 
Arkema.  
2-(Methylthio)ethanol 99%, 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), toluene, 
anhydrous, 99.8% , diethyl bromomalonate, 90-95%, silver nitrate, and sodium hydride, 
(60% dispersion in mineral oil) were obtained from Fisher/Acros Organic (Hanover 
Park, IL). 
Ethanol was purchased from Pharmco Products (Brookfield, CT, USA). 
Perchloric and nitric acids were obtained from Sigma-Aldrich Chemical Co. (St. 
Louis, MO). 
Tetrahydrofuran (ACS grade, 98%), oxalic acid, hydrochloroauric acid, 
aluminium foil (99.999% purity), trifluoroacetic acid were purchased from Alfa Aesar 
(Ward Hill, MA). 
Membrane Anopore Whatman® Anodisc 13, 13 mm diameter, 0.2 µm pore size, 
for CVD of the nanotubes were obtained from Fisher/Whatman (International LTD, UK). 
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Diethyl ether, trisodium citrate, sodium hydroxide, and sulfuric acid (18 M), 
were purchased from Fisher (Pittsburgh, PA). 
Ferrofluids EMG 911, EMG 909 (oil soluble) and EMG 508 (water soluble) were 
obtained from Ferrotec Corporation (Bedford, NH). 
The filtering membrane, polyester, were purchased from the Osmonic 
Corporation (GE Osmonics, Minnetonka, MN). 
All chemicals and reagents were used as-received without further purification. 
 
3.7.  INSTRUMENTS FOR CHARACTERIZATIONS 
The characterization of the surface chemistry of the carbon nanotubes and the surface 
modification processes were performed using Fourier Transform Infrared spectroscopy 
(FT-IR), Raman spectroscopy, X-ray photoelectron spectroscopy, and CHNS/O 
elemental analysis. UV/Vis spectroscopy was used for the characterization of the gold 
colloids. The imaging of the functionalized nanotubes was performed on TEM 
(transmission electron microscope), SEM (scanning electron microscope), and AFM 
(atomic force microscope).  
3.7.1. FT-IR Spectroscopy 
Fourier transform infrared (FT-IR) spectra were obtained on two spectrometers. One 
spectrometer was FT-IR Perkin Elmer Model 1600 spectrophotometer (Waltham, MA, 
USA), Department of Chemistry, Drexel University, and analysis was done in the air. 
Some samples, which will be noted, were analyzed with the Varian Excalibur FTS-3000 
(Palo Alto, CA) spectrometer equipped with the Parker Balston® 75-52 Purge Gas 
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Generator, which provides purified carbon dioxide-free air (<2 ppm)33 connected to the 
UMA-600, an infrared microscope (DigiLab), located at the Centralized Research 
Facilities, COE, Drexel University. Samples of the carbon nanotubes were mixed with 
potassium bromide, and pressed into the pellets for both spectrometers. Resolution in 
both IR spectrometers was set to 4 cm-1. 
3.7.2. UV/Vis Spectroscopy 
The prepared colloidal solutions were characterized with Perkin Elmer Lambda 35 UV-
Vis spectrophotometer (Perkin Elmer, Waltham, MA, USA), located in Department of 
Chemistry, Drexel University. The spectrophotometer works in the range of wavelength 
from 200 to 1000 nm. The measurements were made with DI water as a reference.   
3.7.3. Organic Elemental Analysis 
The carbon, sulfur, nitrogen, and hydrogen elemental content was measured using the 
Perkin Elmer 2400 series II CHNS/O Elemental Analyzer (Perkin Elmer, Waltham, MA, 
USA) at Clemson University, working in the CHN mode (at MSE Department) and 
CHNS modes, Center for Advanced Materials. The schematic of the analyzer is shown in 
Figure 3.17.  
 This analyzer allows the percentage of the elements carbon, hydrogen, and 
nitrogen in the CHN mode and carbon, hydrogen, nitrogen, and sulfur in the CHNS mode 
to be determined. Samples were weighed on an ultra-microbalance Orion C33 from 
Thermo Scientific Corporation (USA) before the analysis. For the CNHS mode, the 
calibration for sulfur (K-factor) was done using cystine with molecular formula 
(SCH2CH(NH2)COOH)2 and the elemental content C = 29.99 wt%, H = 5.03 wt%, N = 
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11.67 wt%, and S = 26.69 wt%. Sulfamic acid (H3NSO3) was used as a conditioner. For 
the CHN mode, the calibration was made using acetanilide (C6H5NH(COCH3)) with 
elemental content C = 71.09 wt%, H = 6.71 wt% and N = 10.36 wt%. 
 
Autosampler
O2
He
Comb
ustion 
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Detection 
zone
Separation 
zone
Gas control 
zone
 
 
Figure 3.17. Schematic of the 2400 Series II CHNS/O elemental analyzer (from the 
PerkinElmer website). 
 
 
 
Accurately weighed samples of nanotubes, conditioners, and K-factors in amounts 
ranging from 2 to 3 mg were wrapped in aluminum vials and placed in the autosampler. 
The vials with the samples were automatically introduced into the combustion zone, 
which was preheated to 975°C. The combustion gas was oxygen with helium as a carrier 
gas. In the excess of combustion gas, the samples were combusted into gases CO2, H2O, 
N2, and SO2. Then, in the reduction zone, the gases were mixed and maintained at the 
controlled pressure and a temperature of 500°C. Next, the homogenized gases were sent 
to the separation zone. In the separation zone, the gases were separated according to the 
principles of frontal chromatography, and sent to the detection zone. In the detection 
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zone, the gases were measured by a thermal conductivity detector, and the data were 
collected as weight percentages.  
3.7.4. Electron Microscopy 
The electron microscopy images were collected using a JEOL 2010F field emission 
microscope (from Jeol, Japan), operated at 200 kV, with a point-to-point resolution of 
0.23 nm, located at the University of Pennsylvania; and a field emission environmental 
scanning electron microscope (ESEM) Philips XL-30 (Philips, now it is FEI, Hillsboro, 
OR) equipped with an energy-dispersive X-Ray analyzer (EDX) or scanning electron 
microscope Supra VP50 (from Carl Zeiss SMT AG, Germany), with a nominal resolution 
of 1.7 nm at Materials Characterization Facility, A.J. Drexel Nanotechnology Institute. 
For TEM analysis, dry nanotubes were dispersed by sonication in 2-propanol or ethanol, 
and then a drop of the dispersion was placed on top of the copper grid coated with a lacey 
carbon film. For the SEM microscope, a drop of the nanotube dispersion was placed on 
top of the aluminum stab holder, and air-dried. The TEM micrographs were recorded on a 
high-resolution CCD camera using Digital Micrograph software. The TEM of the 
nanodiamond-filled nanotubes was performed by Dr. G. Yushin, and other TEM work 
was performed by Dr. Haihui Ye and Dr. Davide Mattia; all three were from the 
Nanomaterials Group. Dr. D. Mattia was also responsible for SEM analysis of our 
samples. 
3.7.5. Raman Spectroscopy 
Raman spectroscopy was performed using a Renishaw RM 1000 micro-spectrometer 
(from Renishaw, Glouchestirshire, UK), at the Centralized Research Facilities, COE, 
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Drexel University, and a home-assembled Raman spectrometer, incorporating Horiba and 
TRIX 552 modules, in the laboratory of Professor G. Chumanov at Clemson University, 
Department of Chemistry. The Drexel spectrometer was equipped with three lasers with 
wavelengths of 514, 633, and 788 nm. The analysis at Drexel was done with argon laser 
with 514.5 nm excitation wavelength. Raman analysis at Clemson was done using 
excitation radiation at 647.1 nm from the Kr ion laser. Carbon nanotubes were dispersed 
in ethanol and one drop of the dispersion was placed on a degreased silicon wafer or glass 
slide and air-dried before measurements were taken. 
3.7.6. Atomic Force Microscopy 
For AFM imaging of the modified CNTs, a Dimension 3100 (Digital/Veeco Instruments, 
Plain View, NY) microscope was used at the facilities of Professor I. Luzinov, MSE 
Department, Clemson University. The AFM study was performed with silicon tips NSC-
16 (from MikroMash, Estonia) in tapping mode. For most samples, the silicon wafer was 
first sonicated in DI water for 30 min, during which every 10 min the water was changed 
for fresh, and then the wafers were dried in a stream of ultra-pure nitrogen. One drop of 
the nanotube suspension in ethanol was placed on top of a clean wafer. The samples were 
air-dried in a clean room before the AFM measurements were taken.  
 
 3.7.7. X-Ray Photoelectron Spectroscopy 
XPS spectra to analyze the surface chemistry of nanotube samples were acquired on the 
Kratos Axis 165 X-ray photoelectron spectrometer (Kratos Analytical, Shimadzu Co. 
Japan) at Clemson University in the Center for Advanced Materials, with Al Kα radiation 
as an X-ray source (hν = 1486.6 eV). Powder samples of the nanotubes were mounted on 
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double-sided 3M Scotch tape. Spectra were recorded with the pass energy of 40 eV for 
both survey and narrow regimes. 
3.7.8. Zeta Potential/Size Measurements 
 
The zeta potential and the size distribution of colloidal nanoparticles were measured with 
the Zetasizer nano ZS, Model Zen 3600 (from Malvern Instruments Ltd., UK), located in 
Professor Y. Gogotsi laboratory, gift form NanoBlox, USA, which works in the particle 
size range from 0.6 nm to 6 µm and uses a 4 mW He-Ne (633 nm) laser.27 The size 
measurements employed the NIBS (non-invasive back scatter technology). The Zetasizer 
measures zeta potential by measuring the velocity of the charged particles moving toward 
the electrode of the opposite sign under the applied potential. The zeta potential is 
proportional to the velocity of the particles. All measurements were made using 
disposable cells. 
3.7.9. Magnetic Measurements  
The average magnetic properties of the nanotubes filled with magnetic particles were 
measured using an alternating gradient magnetometer (AGM), Model 2001002, with 
sensitivity of more than 10-8 emu (Princeton Measurements, Princeton, NJ) located in the 
laboratory of Professor G. Friedman, ECE Department, Drexel University.34 The 
schematic of the AGM is presented in Figure 3.18. 
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Figure 3.18. Schematic diagram of AGM, drawn after D. Speliotis.35 
 
Membranes with filled nanotubes were rinsed with toluene to remove ferrofluid 
particles from the surface of the membrane. Pieces of the membrane were cut out, and 
their areas were measured using ImageJ software, available free online. The sample, 
placed on a sample holder with a piezo element in it, was magnetized by a DC electric 
field and then subjected to an alternating field gradient. This gradient produced the force, 
which deflected the sample. The deflection is measured via the voltage output of the 
piezoelectric element, and is proportional to the magnetic moment of the sample. The 
samples were fixed on a sample holder via silicon grease. All measurements were 
performed at room temperature.   
Images of the nanotubes in experiments with an external magnetic field of 
strength µ0H = 0.011-0.012 T (µ0 is the permeability of vacuum) were taken on a Leica 
DM LFS microscope with a Leica HCX APO 63x/0.90 U-V-I water immersion lens and a 
MagnaFire SP model S99805 camera. 
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CHAPTER 4. RESULTS AND DISCUSSIONS 
4.1. FILLING OF CARBON NANOTUBES 
Unique physicochemical properties of carbon nanotubes, which were discussed in 
Chapter 2, have stimulated the search for possible applications for CNTs in different 
areas of engineering. Especially, electrical properties of CNTs are very attractive, but all 
attempts to make CNTs magnetic have had limited success.1,2 The nanotubes containing 
magnetic particles did not show useful magnetic properties because the amount and 
location of magnetic material inside the tube was difficult to control. Other techniques, 
which have been used to produce magnetic needles, are expensive and time-consuming, 
leading to a low yield.3 While increasing the magnetization, it is also important to prevent 
nanoneedles from aggregating when a magnetic field is not applied. The method of filling 
nanotubes with molten metals was suggested long ago.4-6 The drawback of using the 
melts in the way suggested in papers by Ajayan et al.,4 Dujardin et al.,5 and Ugarte et al.6 
is that it is time consuming, includes the quite tedious and unpredictable step of nanotube 
opening and, finally, the filling efficiency is too low to consider this method for large 
scale production. Ferromagnetic metals, which are of interest for magnetic applications, 
have high melting points (1538oC for Fe, 1455oC for Ni, and 1495oC for Co)7   and their 
melts are dissolved with carbon.8 We, therefore, suggested encapsulating 
superparamagnetic particles into CNT. When ferromagnetic particles are small enough to 
contain single magnetic domains, their net magnetic moments are often subjected to 
thermal fluctuations (i.e., to spontaneous rotations). The typical response of such 
magnetic particles is thus similar to that observed in paramagnetic atoms and molecules, 
though the magnetic moment is much greater. The particles are therefore named 
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superparamagnetic.9,10 This encapsulation of paramagnetic particles into CNT results in 
formation of superparamagnetic needles.  
Unlike ferromagnetic nanorods and nanowires,9 these nanoneedles do not have 
spontaneous magnetic moment (all superparamagnetic grains are randomly distributed 
inside the tubes), and they become magnetized only upon application of magnetic field. 
Therefore, in the absence of a magnetic field, there is no spontaneous agglomeration due 
to magnetostatic interactions. This allowed manipulation and assembly of nanotubes into 
devices.11 To produce stable magnetic fluids from these nanotubes, the traditional 
methods of colloid science can be applied.9,10  
To produce superparamagnetic nanotubes, we suggested a three-step protocol, 
which consists of: 1) synthesis of CNTs by the method of non-catalytic chemical vapor 
deposition (CVD) into the pores of an alumina template; 2) filling of nanotubes with 
suspensions of functional nanoparticles; 3) separation of nanotubes from alumina 
membrane. Step three can be made before step two. Then the individual nanotubes are 
filled with a suspension in a similar way.  
In all experiments we used carbon nanotubes produced in our laboratory by the 
CVD technique. The nanotubes were formed in the straight cylindrical pores connecting 
both faces of the alumina membrane. The synthesis of CNT by CVD is described in detail 
in Materials and Experimental section, Chapter 3. The resulting CNTs have open ends 
from one or both sides, and their walls are highly disordered and amorphous. This makes 
the nanotubes partly wettable by water, creating a possibility of filling the nanotubes with 
both organic- and water-based ferrofluids.12-14  
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4.1.1. Filling Nanotubes with Nanoparticles 
In this work we proposed and explored two new techniques of filling nanotubes with 
nanoparticles. Taking the advantage of having nanotubes inside the alumina templates, 
we first tried the method of filling nanotubes sitting in the template. In the second 
method, the filling was conducted after nanotube release from the template. The 
schematic of the nanotube filling by two methods is presented in Figure 4.1. 
 
Figure 4.1. Schematic of two methods of carbon nanotube filling with nanoparticles.  
First method. Alumina membrane with carbon nanotubes produced by CVD (a) is 
brought in contact with ferrofluid (b). Ferrofluid invades pores (c). Carrying fluid is dried 
to leave only magnetic particles in CNTs (d). Alumina membrane is dissolved in NaOH 
to produce magnetic CNTs (e). 
Second method. Alumina membrane with carbon nanotubes produced by CVD (a) is 
dissolved in NaOH to produce individual CNTs (b). A droplet of ferrofluid is deposited 
atop a nanotube layer (c). Ferrofluid fills nanotubes, then the carrying fluid is evaporated 
and nanotubes are left with magnetic particles inside (d).15 
 
 
Both methods exploited the wetting phenomenon. To fill the CNTs with magnetic 
particles, we used the following commercially available ferrofluids: water-based (EMG 
508) and organic-based (EMG 911, and 909) (Ferrotec Corporation), which carry 
 
b
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magnetite (Fe3O4) particles with a characteristic diameter of 10 nm. The properties of 
these fluids are given in the Materials section, Chapter 3, section 3.4.2. 
Filling by the first method: Filling tubes in alumina membranes. Upon deposition 
of a droplet of ferrofluid onto the membrane, the fluid invaded the pores. To control the 
magnetic anisotropy of prepared magnetic CNTs, we also applied a magnetic field. A 
permanent magnet ( 400 .≈Ηµ T) was mounted underneath the membrane. Even without 
a field, the penetration occurs almost instantaneously. An applied magnetic field only 
increases the rate of penetration, because it creates an additional force to direct magnetic 
nanoparticles towards the magnet, i.e., into the tubes. The effect of field-induced 
acceleration, however, is insignificant at the fields used in our experiments. 
After evaporation of the carrying liquid at room temperature the membrane was 
rinsed first with toluene then with ethanol a few times, air-dried and broken into small 
pieces. One piece from each membrane with magnetic nanotubes was examined by TEM 
and another was measured using a magnetometer. The remaining parts of the template 
were placed into 4 M NaOH solution to dissolve the alumina template by the following 
reaction.  
 
2NaOH + Al2O3 + H2O → 2NaAlO2 + H2O or  
2NaOH + Al2O3 + 3H2O → 2NaAl(OH)4 
 
After approximately 24 hours, the dispersion was sonicated for 15 sec (Branson 
Ultrasonic Cleaner 1510R-MTH), and vacuum filtered through the polyester nucleopore 
membrane with the pore size of 0.2 µm (Osmonic Corp.). The released magnetic 
nanotubes were collected onto a polyester membrane filter forming a gray area. Then the 
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filter with nanotubes was placed into a small vial with approximately 2-5 ml of 
isopropanol and sonicated for 2-3 sec to release nanotubes from the filter. A few drops of 
this dispersion were placed onto a copper grid for future TEM examination. TEM 
micrographs show the typical distribution of magnetic grains inside the nanotubes 
(Figure 4.2).  
Filling released nanotubes. In a second technique, the alumina template after preparation 
of the CNT by the CVD method was first dissolved in 4.0 M NaOH for 2 days. Then the 
dispersion was sonicated for 15 sec, and vacuum filtered through the polyester membrane 
with the pore size of 0.2 µm. Then the filtrate was dispersed in toluene. In the next step, a 
few milliliters of solution containing CNTs dispersed in toluene were filtered again by 
using a similar polyester membrane. After filtration, the residue was rinsed with alcohol 
and distilled water, and then dried. Again, a gray area of concentrated nanotubes 
appeared on the substrate after drying. A drop of ferrofluid was deposited on that gray 
spot. For a second time, after complete evaporation of the solvent, the substrate was 
rinsed with alcohol, immersed into a small vial and 5mL of alcohol was added. The vial 
was put into a sonicator and the deposit was removed from the membrane. 
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Figure 4.2. (a)TEM image of CNTs filled with organic-based ferrofluid EMG 911. CNTs 
filled with ferrofluid in magnetic field. Nanotubes are embedded in alumina template.  (b) 
High resolution TEM image of a fragment of the nanotube, filled with magnetite particles 
without applied magnetic field. As seen clearly, the particles are agglomerated inside the 
nanotube and cover the tube wall.15 
Nanoparticles(a)
100 nm
5 nm
Nanoparticles
Nanotube wall(b)
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During the processing, the magnetic particles deposited outside the nanotubes 
were washed out, while adhesion forces held the particles deposited inside. This suggests 
that filling is primarily driven by capillary forces. It has to be noted here that particles 
delivered from oil-based ferrofluid were better attached to the inside walls of the 
nanotubes than nanoparticles from water-based colloid. This is clearly seen from Figures 
4.3 and 4.4, showing the nanotubes filled with EMG 909 – oil-based, and EMG 508 
water-based ferrofluid, respectively. The image of the tubes filled with EMG 508, Figure 
4.4, shows that some particles, which were closer to the open ends of the tubes, were 
washed out during post treatment. The images of the tubes filled with oil-based colloid, 
Figure 4.3, show that tubes keep the particles inside and these particles are attached to 
the tube walls. More experiments with nanotube filling by water-based and oil-based 
fluids, led us to the conclusion that nanotube filling in template with oil-based ferrofluids, 
and then releasing them, shows much better and more reliable results. This method is 
listed as a first method in Figure 4.1. For our future experiments, we have chosen this 
method.  
Experiments with filling nanotubes with and without applied magnetic field 
brought us to the conclusion that the nanoparticles fill the nanotubes equally with and 
without magnetic field. This suggests that the main force driving nanoparticles into the 
tubes is the capillary force. The menisci formed by nanoparticles inside the nanotubes, as 
seen in Figures 4.3 and 4.4, also support this conclusion. 
As shown, filling carbon nanotubes with functional nanoparticles can be done by 
capillary force. The density of magnetic grains is so high that it can be probed by a 
variety of macroscopic techniques, including optical microscopy, SEM and TEM.  
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Figure 4.3.  (a) TEM image of CNTs filled with organic-based EMG 909. Nanotubes are 
released from alumina template after filling. (b) HR TEM image of CNT filled with 
organic-based ferrofluid EMG 909. Particle distribution shows that walls were uniformly 
wet by ferrofluid and liquid menisci were formed as the solvent dried out. 
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Figure 4.4. TEM images of (a) part of a branched CNT, and (b) CNTs with open ends, 
filled with magnetic particles from water-based ferrofluid EMG 508. These images show 
that the nanoparticles are collected inside the CNT forming quite dense structure. 
Attached to the walls of the CNT by adhesion forces, the particles stay intact after 
processing.  
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Suspended in liquids, magnetic nanotubes follow the change of the direction of 
applied magnetic field. Figure 4.5 shows the typical behavior of a suspension of 
magnetic nanotubes in water placed in a magnetic field of 0100 .=Ηµ  T.  
 
 
 
Figure 4.5.   Manipulation of magnetic nanotubes by magnetic field. (a) and (b) magnetic 
CNTs are oriented along in the plane of supporting wafer, 0100 .=Ηµ  T; (c) magnetic 
nanotubes frozen in applied magnetic field perpendicular to the wafer 0300 .=Ηµ  T. 
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Magnetic nanotubes can be oriented in plane of a silicon wafer with gold 
electrodes, Figures 4.5 (a) and (b), or can be forced to stand normally to the wafer 
surface, Figure 4.5 (c).  In the field, the nanotubes form long chains with lengths greater 
than the width of the golden island, which is 25 µm. As seen from that panel, all 
nanotubes are sensitive to the application of magnetic field, independent of whether they 
are sitting, on the gold or silicon surfaces. In particular, all nanotubes seen in the camera 
align perpendicularly to the wafer in the perpendicular magnetic field, Figure 4.5 (c). 
This proves that we have an almost 100% yield of magnetic nanotubes after filling.  
 
4.1.1a.  Nanotube Magnetization 
The average magnetic properties of the nanotubes filled with the magnetic 
particles were measured using an Alternating Gradient Magnetometer (Princeton 
Measurements Inc). Membranes with the filled nanotubes were rinsed with toluene to 
remove ferrofluid particles from the surface of the membrane. Pieces of the membrane 
were cut out and their areas were calculated using the ImageJ software.16 An example of 
the magnetization curve for a sample of area 5.9⋅10-6 m2 is given in Figure  4.6.  
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Figure 4.6. The typical magnetization curve of a nanotube membrane of area 5.92⋅10-6 
m2. 
 
 
 
To calculate the average magnetic moment of the filled nanotube we estimated the 
number of pores/tubes in the piece of alumina template of the area Sm = 5.92⋅10-6 m2 by 
the equation 
 
ρ⋅=
t
m
CNT S
SN ,  (4.1) 
 
where St  is the area of one pore/tube on the surface of the membrane of the area Sm. This 
area can be calculated by the formula  
 
St = πd2/4,  (4.2) 
 
where d is the diameter of the pores/tubes. The parameter ρ in (Equation 4.1) is the 
membrane porosity, e.g., the area occupied by the nanotubes divided by the membrane 
area. The pore diameter and the porosity were given by vendor, d = 200 nm, and ρ = 
0.25. However, as shown by TEM image analyses, the diameters and porosity are varied 
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from sample to sample. Moreover, the diameter of the pores changes even throughout one 
membrane sample. Therefore, we repeated our calculations for 200, 300 and 700 nm, and 
0.25 and 0.35 porosity values and combined the results in Table 4.1.  
 The following is a sample of calculations made for 200-nm pore diameters and 
0.25 porosity value:  
 
( ) 729
6
2
6
107.425.0
4/10200
1092.525.0
4/
1092.5 ⋅=⋅⋅⋅
⋅=⋅⋅= −
−−
ππdNCNT
                    (4.3)  
               
From the magnetization curve, Figure 4.6, we know that the magnetic moment of 
the membrane piece of area 5.92⋅10-6 m2, at the saturation magnetization condition is  
ms = 3.68⋅10-7 Am2. If we divide the magnetic moment at the saturation point of that piece 
of membrane by an approximate number of tubes/pores confined in that membrane, NCNT 
(Equation 4.3), we will get the magnetic moment of one tube 
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Now we can estimate the whole number of nanoparticles/grains in one tube as  
N g/tube = m/mg = 7.81⋅10-15Am2 / 2.33⋅10-19 Am2 = 33500.  (4.5) 
where mg is the magnetic moment of the nanoparticle, which can be calculated from the 
saturation magnetization of ferrofluid magnetite Mm = 4.46⋅105 A/m,9  as follows:  
( ) 21933953 1033.2
6
1010/1046.4
83
4
AmmmA
d
MVMm gmgmg
−
−
⋅=⋅⋅⋅=⋅⋅=⋅=
ππ      (4.6) 
         
where the estimated volume of each nanoparticle is  
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Vg = 3253 102456 m./d g
−⋅=π .                (4.7) 
 If we estimate the average internal volume of the nanotube as 
Vt = 3182 1053.14/ mLDi
−⋅=π ,                (4.8) 
where the tube length L is equal to the template thickness, which is  60 µm thick,  
and Di is the internal diameter of the nanotube.  
From the TEM images the thickness of the nanotubes walls approximately equals to 10 
nm. Therefore, the inner diameter of the nanotube will equal to 180 nm. With these 
parameters we can estimate the fraction of the nanotube occupied by the particles: 
φ = (Vg⋅Ng/tube)/Vt =  (5.24⋅10-25⋅33500)/1.53⋅10-18 = 11⋅10-3,     (4.9) 
or ~ 1.1 % of the nanotube volume is occupied by magnetic nanoparticles. 
As was said above, we performed calculations for a range of diameters, and two different 
values of porosity of the alumina membrane. The results are combined in Table 4. 1. 
 
 
Table 4.1. Magnetic moments per tube, and the number of nanoparticles confined in a 
single tube for nanotubes with different diameters and membrane porosity. 
 
Pore/tube 
diameter in 
membrane, nm 
Porosity of 
membrane
Magnetic 
moment per 
tube at 
saturation 
point, fAm2 (i) 
Number of NP in a 
single tube at 
saturation point 
200 0.25 7.8 33500 
200 0.35 5.6 23900 
300 0.25 18 75300 
300 0.35 13 53700 
700 0.25 96 409800 
700 0.35 68 292700 
(i) fAm2 = 10-15 Am2 
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As seen from the table, the magnetic moment per tube can vary from 5.6⋅10-15 Am2 up to 
9.6⋅10-14 Am2, and the number of nanoparticles in one tube varies from ~24000 up to 
410000. 
An independent estimate of the nanotube magnetic moments can be done using 
experiments on a suspension of magnetic nanotubes in rotating magnetic field. In this 
experiment, the CNTs were released by dissolving the membrane. The resulting CNT 
suspension was subjected to a uniform rotating magnetic field of 7⋅10-3 Tesla and the 
steady state CNT rotation was observed. The set up for imaging magnetic particles in a 
rotating magnetic field was built in the laboratory of Professor Friedman, ECE, Drexel 
University,17 and is shown in Figure 4.7.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7. Experimental set up for study of the motion of the magnetic carbon 
nanotubes in a rotating magnetic field. 
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One-two drops of nanotubes dispersion in DI water were placed on silicon wafer 
with gold islands. Gold islands served as coordinates. Then the silicon wafer with 
nanotubes suspension was covered with a glass slide; one drop of DI water was made on 
top of the slide and water immersion lens, used for optical imaging, were pulled down to 
make contact with the water drop. Water and the use of water immersion lens increase the 
resolution of the optical microscope, making the imaging of our tubes possible. Four 
magnetic coils were positioned around the sample. Each pair of two opposite coils was 
connected to a power source, which was programmed in DASYLAB 7.0 software to 
produce controlled magnetic field rotation.17   
With respect to a stationary reference frame, the angle Ω  between the direction of 
the external field H and the reference axis X (Figure 4.8) changes with time as 
 
tωΩ =                            (4.10) 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.8. Schematic of orientations of applied field H and magnetization m with 
respect to nanotube axis. All vectors are assumed to lie in one plane. 
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Because of the friction effect, the nanotube forms angle with the field direction. We 
assume that the nanotube magnetization direction coincides with the nanotube axis and 
denote the angle between the magnetization and field direction as θ.  
We can write the following equation for the tube rotation18  
( ) θµθωγ sin0 Η=− m& ,             (4.11) 
where the dot denotes the time derivative,  
ω  is the angular velocity of the rotating field, 
γ is the friction coefficient of the tube,19 
A)d/Lln(
L
e 33
3
−=
πηγ  ,        (4.12) 
 
A = 0.8 is a constant for calculation of the friction coefficient for long tubes, 19    
de is the tube external diameter, and  
η is the fluid viscosity.  
 
In the system of coordinates shown in Figure 4.8, the nanotube is “frozen”, i.e., it moves 
together with the field. If we allow nanotubes to move together with the field, the angle θ 
does not change with time, hence θ = constant. We do not know in advance this value of 
θ and to find this value we need to solve Equation 4.11. The left hand side of Equation 
4.11 is proportional to sine θ. Therefore, the ratio 
 ( ) θµ θωγ sin0 =Η−m
&
     must be less than one.   (4.13) 
 
For particular case when the nanotubes move together with the field, θ = constant and  
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θ&  = 0. If the frequency increases above some critical value, the nanotube stop rotating, 
therefore the solution θ = constant disappears (in our system of coordinates moving with 
the field). This critical value of the rotational frequency is given by equation 4.14, when 
we put 2/πθ = , which provides the maximum allowable angle. 
 ( ) 10
0
=Η
−
mµ
ωγ  , or 
 
γ
Ηµω mcr 0=                           (4.14) 
 
 
This critical angular velocity or frequency defined as fcr = ωcr / 2π can be measured in 
experiment.  
Thus, by observing the frequency up to which CNT rotation is synchronized with 
the field rotation, it is possible to estimate the nanotube magnetic moments at the given 
magnitude of the rotating field. However, due to dispersion of the CNT length and 
magnetic moments, different CNTs lose their synchronization with the field at different 
frequencies. We experimented with a water-based suspension of magnetic CNTs in a 
field of 7⋅10-3 T. The critical frequency was found to vary between fcr = 6 and 10 Hz. 
Taking these values, the magnetic moment of one tube is estimated through the formula  
( ) ( ) Η−
⋅=Η⋅−
⋅=Η= 0
32
0
3
0 4.2)/ln(3
2
8.03)/ln(3
2
µ
ηπ
µ
πηπ
µ
γω
e
cr
e
crcr
dL
Lf
dL
Lf
m                                 (4.15) 
In these experiments, the nanotube length appeared to be shorter than that used in 
Equation 4.8. This is because the nanotubes tend to break during sonication when they 
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were released from the template. The CNT length and diameter were estimated from 
TEM images, as L ~ 10-15 µm, and de ~ 300-200 nm. 
We used CNT suspension in DI water, for which η =1.002 mPa⋅s = 1.002⋅10-3 
N⋅s/m2 is viscosity at room temperature.20 
Substituting in (4.15)  
L = 10 µm = 10⋅10-6 m, 
de = 200 nm  = 2⋅10-7 m, 
η = 1.002 N⋅s/m2,  
µ0 H = 7⋅10-3 T = 7⋅10-3 N/(A⋅m), and  
 fcr = 6 Hz = 6 s-1,  
we will have the lower limit of the magnetic moment : 
( )( )( )( ) 215376
3362-312
108.1
)/(1074.2102/1010ln3
1010/10002.1614.32 Am
mANmm
mmsNsm rottube −−−−
−−
⋅=⋅⋅⋅−⋅⋅
⋅⋅⋅⋅⋅⋅=  
 
To obtain the upper estimate of the magnetic moment, we use  
L = 15 µm = 15⋅10-6 m,  
de = 300 nm = 3⋅10-7 m, and 
fcr = 10 Hz = 10 s-1: 
 ( )( )( )( ) 214376
33623-12
1002.1
)/(1074.2103/10151ln3
1015/10002.11014.32 Am
mANmm
mmsNsm rottube −−−−
−−
⋅=⋅⋅⋅−⋅⋅⋅
⋅⋅⋅⋅⋅⋅=  
The rotational experiments give the magnetic moment of the individual nanotube 
in applied magnetic field of 7⋅10-3 T in the range m = 1.8⋅10-15 – 1.02⋅10-14 A⋅m2, which 
have the same order of magnitude as the moment estimated from the magnetization curve 
of the membrane sample, Equation 4.4. The rotational field experiments also demonstrate 
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that the produced magnetic nanotubes are highly responsive to the applied field typical in 
microelectromechanical systems (MEMS).  
It is worth to compare the energy of dipole-dipole interactions with respect to the 
energy of thermal excitations. The minimum energy of two needle-like magnets 
corresponding to their anti parallel orientation is estimated as 
 
1718
2
2
0 1010 −− −≈=
e
dd dL
mE µ   J,                         (4.16) 
 
which is much greater than the energy of thermal excitations, 2110−≈= TEt  J.21 This 
estimate explains why the CNT needles are prone to form chains as seen in Figures 4.5 
(a) and (b).  
 
To investigate the mechanism of the nanoparticle attachment to the CNT walls we 
conducted two series of experiments: 
1) Filling nanotubes with ferrofluid of different concentrations.  
2) Sequenced filling of nanotubes. 
 
4.1.1b. The Mechanism of Carbon Nanotube Filling 
As was already shown, the wetting forces are the major driving forces for nanotube 
filling. It is not clear; however, which forces hold nanoparticles in the tube. Two types of 
adsorption can be considered here: chemisorption and physisorption. Observations on 
released nanotubes filled with different ferrofluids suggest that the nanoparticles are 
easily washed out from the outside surfaces of nanotubes. Sometimes, after intensive 
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agitation of filled nanotubes by prolonged stirring, we observe that the internal surfaces 
of the nanotubes become slightly depleted of nanoparticles. This suggests the 
physisorption mechanism of adsorption. Since the maximum concentration of the 
solution, e.g., ferrofluid used in these experiments was limited by the concentration of the 
provided ferrofluid, which is about 2 vol % as claimed by vendor, we consider this 
ferrofluid as a dilute solution.22 After filling nanotubes with ferrofluid of different 
concentrations at constant temperature, we measured the nanotube magnetic moment. 
This allowed us to construct the adsorption isotherms.  
Adsorption of nanoparticles at the nanotube wall occurs during filling and 
evaporation of the carrier liquid. Therefore, adsorption assumes attraction of 
nanoparticles to the wall by van der Waals forces accompanied by a complex process of 
hydrodynamic deposition of nanoparticles by the receding menisci. These processes can 
be considered independently only if the concentration of adsorbed nanoparticles is much 
greater than that available in the ferrofluid. Below we estimate the concentration of the 
nanoparticles forming a monolayer at the nanotube wall.  
The volume of all nanoparticles forming one monolayer on inner nanotube wall is 
3
2
64/
3
2,
LdDd
d
LDV
A
AVNV iig
g
i
ggmm
ππ
π
π =⋅=⋅=⋅= ,   (4.17) 
where Nm,g is the number of nanoparticles, which form one layer on the inner wall of the 
nanotube, 
Vg is the volume of one nanoparticle, 
623
4
3
4 333 ddrVg
πππ =⎟⎠
⎞⎜⎝
⎛==  (4.18) 
d = 10 nm, is the nanoparticle diameter, given by vendor and confirmed by TEM images, 
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Ag is the area occupied by one nanoparticle, (see schematic in Figure 4.10) and equals to 
Ag = πd2/4,  (4.19) 
Ai is the internal surface of the nanotube: 
Ai = 2πRL = πDiL,           (4.20) 
L is the nanotube length, which is equal to the thickness of the membrane, L = 60 µm;  
Di is the internal diameter of the nanotube. 
The schematic of nanoparticle distribution over the nanotube wall is shown in Figure 4.9. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.9. Schematic of nanotube walls covered with magnetic particles. Not to scale. 
 
Based on the table of magnetic moments per tube for the range of nanotube diameters, we 
chose the nanotube with 300 nm diameter and 0.35 porosity as a representative example 
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for our future calculations. Thus, for the nanotubes with 300 nm diameter and 10 nm wall 
thickness, we take Di = 280 nm. 
Ai = π⋅280 nm⋅6⋅104 nm = 52.75 ⋅106 nm2. 
Ag = π⋅100 nm2/4 = 78.5 nm2.       
The fraction of the nanotube occupied by the adsorbed layer is  
cv = Vm/ Vt ,  (4.21) 
where Vt is the inner volume of the nanotube, (equation 4.8). 
Expressed in percents, this fraction is calculated as 
%5.9
2803
%100108
3
%1008
3
%1008%100
2
,
=⋅
⋅⋅=⋅=⋅=⋅=
ii
i
tubei
m
v D
d
DL
LdD
V
Vc π
π
.  (4.22) 
 
The method of filling of the nanotubes for these experiments was improved in 
comparison with the method described at the beginning of this chapter. New step, drying 
the membrane in the lab oven at the temperature 150°C, was added to the procedure. 
Thus, the amount of the nanoparticles in the nanotubes was increased.  
The maximum concentration of nanoparticles in the ferrofluid used in 
experiments was 2 vol % << 9.5 vol %. Therefore, to explain the formation of 
monolayers and multilayers observed in our filling experiments, we can assume that 
adsorption is mostly caused by the particle-wall interactions. Hydrodynamic forces seem 
to play a secondary role. In this approach, we can consider adsorption as a quasi-
equilibrium process and use the thermodynamic models to study its mechanism.  
Langmuir and Branauer-Emmett-Teller (BET) isotherms are typically used to 
explain the adsorption of van der Waals gases on the nanotube walls.23 Since van der 
Waals forces seem to be the main attraction forces which lead to nanoparticle attraction, 
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we will use these types of isotherms as well. Using these isotherms, we are going to 
estimate how many layers the nanoparticles can form on the nanotube wall. Another goal 
is to find a theoretical estimate of the critical concentration, at which the nanoparticles 
are expected to fill the nanotube completely. However, since we used the improved 
procedure for filling of nanotubes, which includes drying the solvent in the lab oven, we 
use the adsorption mechanism only as a model for predicting the type of adsorption. 
 
The experimental procedure is as follows: 
 
 
As received ferrofluid EMG 911 of 2 vol % of magnetic nanoparticles was diluted with 
the solvent, purchased from Ferrotec. The resulted concentrations were approximately 2, 
1, 0.5, 0.25 and 0.125 vol %. Pieces of the alumina membrane after CVD, containing the 
carbon nanotubes, were wetted with the original and diluted dispersions of this ferrofluid 
by making a drop onto the surface of the membrane. These membranes were then dried in 
the lab oven at a temperature of approximately +150°C for 50 min. Then membranes 
were broken into smaller pieces for magnetic measurements. The steps of wetting the 
membrane in ferrofluid at different concentrations with subsequent drying in the lab oven 
were repeated two more times. After each wetting/drying cycle, the magnetic moment of 
the membranes was measured. From our experiments we observed that two and three 
filling cycles give practically the same nanotube saturation with magnetic nanoparticles. 
This saturation is greater than that observed for one-time filling cycle, but does not 
increase if the have more filling-drying cycles. Therefore, we conclude that two-three 
wetting/drying cycles gave better results then one filling cycle. At the same time, it is not 
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necessary to do more filling cycles than two or three: concentration of nanoparticles stays 
almost the same.  
The measured maximum magnetic moment of each piece after one filling/drying 
cycle was then converted into magnetic moment for individual nanotubes, using the 
calculation method described in section 4.1.1. The nanotube diameter distribution can be 
large, as we saw from the TEM images, therefore we calculated the magnetic moment per 
tube in the range from 200 nm to 700 nm of nanotube diameters, and varied porosity. 
These results were shown in Table 4.1. As more representative we chose for future 
calculations the diameter of the nanotube 300 nm and porosity of the membrane 0.35. 
The magnetic curves of the alumina membrane pieces filled with ferrofluid of different 
concentrations and normalized to the individual nanotube’s magnetization are shown in 
Figure 4.10.  
 
 
 
 
 
 
 
 
 
 
 
Figure 4.10. Magnetic moment measured by AGM and calculated per tube filled with 
ferrofluid EMG 911 with different concentrations.  
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Now we can convert the magnetic moment per tube into the number of 
nanoparticles adsorbed by the nanotube surface, as was done in section 4.1.1.  For this, 
we divide the magnetic moment of a tube by the magnetic moment of a single magnetic 
nanoparticle, calculated in section 4.1.1 by Equation 4.6: 
Ng = m/ mg           
If Ng is the number of nanoparticles adsorbed by the inner surface of the nanotube, then 
the area occupied by the nanoparticles is 
Σ = Ag⋅Ng.             (4.23) 
Dividing the surface area populated with nanoparticles by the area of the inner wall, we 
obtain the fraction of the surface sites occupied by the nanoparticles. 
LD
dN
LD
dN
A i
g
i
g
i 44
22
==Σ= π
πθ .          (4.24) 
Results of these calculations are shown in Table 4.2.  
 
Table 4.2. Parameters used in adsorption experiments. (Ai=52.75⋅106 nm2) 
Conc. EMG 
911, volume 
fraction 
Magnetic moment 
per tube, at 
saturation point, 
m, pAm2 
Estimated number of 
NP in one tube, Ng 
Fraction of CNT 
wall occupied by 
NP, θ 
0.00125 0.1 438 000 0.6 
0.005 0.14 584 000 0.8 
0.01 0.23 970 000 1.3 
0.02 0.24 1 040 000 1.4 
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Plots in Figure 4.11 (a) and (b) show the dependence of nanotube coverage on ferrofluid 
concentration for one and three cycles of filling/drying, respectively. 
 
 
 
 Figure 4.11. (a) Fraction of the nanotube surface occupied by nanoparticles after one 
cycle of filling/drying as a function of concentration; (b) same for three filling/drying 
cycles.  
 
 
Now we can fit the data into different types of isotherm. 
Langmuir and Brunauer-Emmett-Teller (BET) adsorption isotherms  
The Langmuir isotherm is described by the equation  
 
θ = bc/(1+bc),            (4.25) 
 
where b = kad/kdes is the adsorption coefficient,  kad  and kdes are the rates of adsorption 
and desorption, respectively, c is the equilibrium concentration of the nanoparticles in the 
ferrofluid.  
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At low concentration, when bc << 1, we will have θ = bc. This linear relation is 
called the Henry isotherm.22 Langmuir and Henry isotherms are used for description of 
adsorption of mono-layers when coverage is small, θ < 1. If  θ > 1, the nanoparticles 
form multilayers and the Brunauer-Emmett-Teller (BET) adsorption isotherm works 
better for these cases.22 BET theory assumes that the first layer is formed in accordance 
with the Langmuir theory and the adsorption parameters are the same as those used in 
Langmuir isotherm, kad  and kdes. The second and each other subsequent layer have the 
same adsorption/desorption constants, kadn  and kdesn , which are different from the 
Langmuir’s ones kad≠ kadn, kdes≠ kdesn.  
As seen from Table 4.2, the fraction of the nanotube inner wall covered with 
nanoparticles increases as the concentration increases, and becomes more than one. This 
means that the nanoparticles started to form at least a second layer on the nanotube 
surface. The BET isotherm is expected to capture this behavior. This isotherm has the 
form22   
⎟⎟⎠
⎞
⎜⎜⎝
⎛ ⋅−+
⋅
⎟⎟⎠
⎞
⎜⎜⎝
⎛ −
=
0
0
0
)1(11
c
cK
c
c
c
c
Kθ ,           (4.26) 
where K is the BET coefficient which depends on the adsorption/desorption constants, 
but it does not depend on concentration c. We define the parameter c0 as the saturation 
concentration of nanoparticles in ferrofluid when the number of layers tends to infinity. 
This is a fitting parameter for the BET isotherm. If we rewrite equation (4.26) as 
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c
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Kcc
c
θ ,         (4.27) 
the parameter ( )cc
c
−0θ  should be a linear function of concentration; hence for each c0 we 
should have a straight line if we draw this parameter as a function of concentration.  
The Langmuir isotherm can be rewritten as    
c / θ = 1/b+c,            (4.28) 
hence, the parameter c / θ should be a linear function of concentration. 
Therefore, the isotherms plotted in the Langmuir or BET variables, (4.27)-(4.28) 
have to be straight lines. If this is the case, we can identify the adsorption mechanism as 
it follows from the Langmuir or BET assumptions.  
In Figure 4.12, we plot the isotherms in Langmuir and BET variables for one 
filling cycle. The Langmuir isotherm assumes that θ < 1. In our experiments, as 
concentration increases, the coverage θ becomes greater than one. Hence we cannot 
describe the whole isotherm in Figure 4.12 (a) by the Langmuir theory On the other 
hand, the data for one filling cycle form the straight lines y = ax + b in the BET variables 
y = ( )cc
c
−0θ , x = c, a = (1-1/K)/ c0 , and b= 1/K.  
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Figure 4.12.  Adsorption isotherms for one and three filling cycles. (a) - The isotherm 
plotted in the Langmuir variables (4.28). (b) - The isotherm plotted in the BET variables 
for c0=1 (4.27). 
 
 
To find the BET parameters c0 and K, we used the following procedure. The right 
hand side of (4.27) depends on two parameters, K and c0. The left hand side depends on 
c0. We therefore cannot find the BET parameters directly from the isotherm, but need to 
solve nonlinear equations. We hence use the following iteration procedure, considering c0 
as an adjustable parameter, i.e. the parameter, which varies in iterations. For each chosen 
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which give c0(1) = 15.9.  The difference between the chosen value and calculated one is 
c0(1) - c0 =14.9, i.e. it is large. We therefore continue this procedure by choosing smaller 
value of the adjustable parameter c0 = 0.07.  The steps are the same. Every time when we 
change c0, we plot different isotherms in the BET variables to find new a and b, Figure 
4.13. From these lines we calculated 1/K for each c0, and plugging this number in the 
slope (1-1/K)/c0, we calculated c0(t). As the solution, we consider the saturation 
concentration c0, which provides the smallest difference |c0(t) - c0|.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.13. Four isotherms constructed with different c0. Only trend line for the most 
fitted parameters is shown. 
 
 
 
Some representative results of these iterations are shown in the Table 4.3. Thus, 
iterating (4.27) many times, we found that c0 ~ 0.061 gives the best fit with the accuracy 
of 4⋅10-4. Therefore, our isotherm is described by the BET theory with 1/K ~ 0.015 and c0 
= 0.061.  In other words, the saturation concentration of oil-based ferrofluid used in this 
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experimentally, because nanoparticles coagulate in the solution at these concentrations. 
Hence, we interpret this critical saturation concentration as a theoretical concentration 
when the nanotubes are expected to be completely filled.  
 
 
Table 4.3. Results of iteration to find saturation concentration of ferrofluid, c0. 
 
 from trendline for BET Iterations, 
(t) 
Fitting 
coefficient, 
c0 a b 
c0(t), calculated 
from trendline 
parameters: 
c0(t)={(1-b)/a} 
Difference 
between c0 
and c0(t) 
1 1.000 0.063 0.002 15.92 14.92 
2 0.070 13.2 0.017 0.075 0.005 
3 0.061 16.3 0.015 0.0606 0.0004 
4 0.055 19.2 0.013 0.0514 0.0036 
5 0.080 10.9 0.017 0.0904 0.0104 
 
 
For three cycles of filling neither Langmuir nor BET isotherms describe the 
adsorption process. Probably, the hydrodynamic effects become important when we 
increase the number of filling cycles.  
 
Conclusion remarks  
This analysis leads us to conclude that the adsorption of ferrofluid EMG 911 on 
CVD nanotube walls follows the BET mechanism. That is the nanoparticles form 
multilayered structures. As follows from the BET theory, the adsorption constant for the 
first layer mostly depends on the particle-wall interaction potential. The subsequent 
layers are formed mostly under the action of interparticle interaction potential. The BET 
theory also introduces the critical concentration at which magnetic nanoparticles start to 
form clusters, c0. Our numeric analysis of the BET isotherm for one filling cycle shows 
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that this critical concentration for nanoparticles in EMG 911 ferrofluid is estimated as ~ 
6.1%.  
 
4.1.2. Embedding Nanoparticles into the Walls of Nanotubes 
The idea of filling nanotubes in templates by capillarity and the advantage of the 
synthesis of nanotubes by chemical vapour deposition in our lab inspired us to produce 
multifunctional nanotubes by embedding different nanoparticles into the walls of CNT 
directly during the CVD process. Having different nanoparticles inside the walls of 
nanotubes opens the new possibilities to produce the nanotubes with additional functions 
and different properties. For example, magnetic nanoparticles embedded in the wall, will 
make nanotubes an attractive instrument for cellular probes.  Tubes could be manipulated 
by applied magnetic field and, at the same time, the particles are separated from the 
environment by deposited carbon. 
The method of the synthesis of nanotubes with nanoparticles embedded into the 
walls is very similar to the procedure of filling nanotubes in templates. The schematic of 
the procedure is shown in Figure 4.14. 
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Figure 4.14. Schematic of the template assisted growth of multifunctional CNTs.24 
 
The alumina template, either received from Whatman®, or produced in our lab, 
was immersed into 10 ml of aqueous slightly acidic solution. Then, from 0.005 to 0.1 ml 
of concentrated (1.2 vol %) EMG 508 ferrofluid (Ferrotec) was added (a). After 24 hours, 
the templates were rinsed on a filter paper and air-dried. Next, the standard procedure of 
chemical vapor deposition of carbon into the pores of the alumina template was 
performed (b). This procedure was described in detail in Materials section, Chapter 3, 
section 3.2.1. Removal of the alumina template was done in the boiling 1 M NaOH 
solution at reflux conditions with vigorous stirring for 3 hours (c). Then the solution was 
filtered using the Osmonic polyester membrane with 0.2 µm pore size, rinsed with DI 
water, air dried. Thus, the straight carbon nanotubes with both ends opened were 
obtained. The SEM image of the fracture of the nanotube with Fe nanoparticles 
embedded into the walls and HRTEM image of the fragment of carbon nanotube with the 
iron particle covered with deposited carbon are shown in Figure 4.15.24 
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Figure 4.15.  (a) SEM micrograph of the fractured nanotube after CVD synthesis 
showing Fe nanoparticles on the inside of the tube’s wall. (b) HRTEM image of the iron 
nanoparticle embedded into the carbon nanotube wall.24 
 
Fragments of membranes filled with magnetic particles before CVD and 
fragments of the alumina templates with deposited carbon after CVD were placed in a 
magnetometer to measure the average magnetic properties. Typical volume 
magnetization curves for the membranes before and after CVD show a paramagnetic and 
a ferromagnetic behaviour, respectively (1.0 ml ferrofluid solution in 10 ml H2O), Figure 
4.16. The value of the volume saturation magnetization after CVD is about three times 
smaller than before CVD and the behaviour has changed from paramagnetic (no 
hysteresis) to ferromagnetic (with hysteresis).  
 
 
(a) (b)
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Figure 4.16.  (a) Typical magnetization curves of a fragment of an alumina membrane 
before CVD, containing iron oxide nanoparticles, and after CVD, containing carbon 
nanotubes with iron-based particles embedded in the walls. (b) Magnetic moment per 
CNT before and after CVD synthesis as a function of the initial ferrofluid 
concentration.24 
 
 
 
The average magnetic moment per tube/pore of alumina templates filled by 
ferrofluid before and after CVD was calculated similarly to section 4.1.1. The porosity 
(fraction of number of pores in the template) for these calculations was determined by 
image analysis of SEM micrographs of the membrane surface and estimated to be 0.30 ± 
0.5. Figure 4.16 (b) shows how the average magnetic moment calculated per pore before 
CVD and per tube after CVD changes with concentration of ferrofluid used for wetting 
alumina template before CVD. The magnetic moment per tube for the highest initial 
concentration of ferrofluid was estimated to be 3.5⋅10−16 Am2, before CVD. Dividing this 
value by the magnetic moment of the iron oxide particles, 2.23⋅10−19 Am2, one can 
estimate the number of particles embedded in each nanotube to be ~ 2000. This number is 
consistent with SEM observations of the tubes. The highest average magnetic moment 
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per tube achieved was only one order of magnitude smaller than the value obtained with 
300 nm CVD nanotubes filled by capillary force with the same magnetic particles (See 
section 4.1.1). The nanotubes with nanoparticles embedded into the walls show the 
ferromagnetic behaviour, differing from the paramagnetic behaviour of nanotubes filled 
with ferrofluid by capillarity. 
X-ray diffraction patterns recorded using a Siemens XRD with Cu Kα source 
show the presence of iron carbide (Fe3C) after CVD and no peaks for Fe3O4 (Figure 
4.17).24  
 
 
 
 
 
 
 
 
 
Figure 4.17. XRD patterns for the ferrofluid particles in the alumina template before 
CVD, and for the formed CVD CNTs with particles of iron/iron carbide embedded into 
the walls. 
 
 
It is well known that iron carbide can be produced by hydrogen reduction of iron 
oxide to metallic iron and subsequent partial carburization, with a metallic iron residue.25 
Hence, the reduction in saturation magnetization can be attributed to the replacement of 
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some iron oxide by iron carbide, which has a saturation magnetization three orders of 
magnitude smaller than iron and two orders of magnitude smaller than Fe3O4.26  
Conclusions to Section 4.1 
We developed the relatively simple, versatile and scalable method of filling 
nanotubes with nanoparticles. We showed that mechanism of filling CVD carbon 
nanotubes was by capillary forces. The yield of filled nanotubes was shown to be almost 
100%. The nanotubes produced by the method developed in this work have a magnetic 
moment, which allows manipulating them in magnetic field. We also developed the 
method of calculation of the degree of filling nanotubes with magnetic nanoparticles 
based on the critical frequency of the rotational magnetic field, at which magnetic 
nanotubes “slipped” from rotation. 
The mechanism of nanotubes filling by the oil-based ferrofluid was studied, and 
was shown to be the BET mechanism. In this work we developed the method of growing 
the nanotubes with different nanoparticles embedded in their walls. 
 
4.2. BINGEL MODIFICATION 
The second part of this work was devoted to developing an exohedral 
functionalization method of multiwalled carbon nanotubes through the Bingel 
modification. Due to their unique properties, the nanotubes are attractive for different 
applications. For some of the applications, the surface of the nanotubes must be 
functionalized. Two types of exohedral functionalization of carbon nanotubes can be 
explored: functionalization through defects in the walls, already present in nanotubes, and 
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functionalization through oxidation of the nanotubes. Defect-wall functionalization 
allows attachment of the chemical groups to the nanotubes’ defect sites. This type of 
functionalization gives unpredictable results, since some nanotubes have more defects 
than others. The second type of functionalization through the oxidation of nanotubes in 
strong acids, such as sulfuric, nitric, or a mixture of both, is a very harsh method, which 
often destroys the nanotubes. 
We chose a different method of functionalization, which comes from the 
chemistry of fullerenes,27 known as the Bingel reaction.28,29 This reaction has been 
successfully repeated for small singlewalled carbon nanotubes by a few groups of 
researchers.30-32  However, nobody has shown that multiwalled nanotubes can be 
modified by this reaction. Our goal was to functionalize multiwalled carbon nanotubes. 
Having in mind that this method will not destroy nanotubes, we chose it for our work on 
the chemical functionalization of multiwalled carbon nanotubes. 
It was shown that the reaction of the nucleophilic cycloaddition to the fullerenes, 
known as the Bingel reaction, is possible due to the strain and C-C bonds in the graphitic 
structure. The amount of that strain is determined by the curvature of the benzene rings. 
The strain energy of these rings in fullerenes is ∆Hf = δHf – δHg = 10.16 kcal/mol for 
each carbon atom. As a reference, a graphite sheet is considered to be an ideal 2-D crystal 
with balanced bond tensions, δHg = 0 kcal/mol.33 Singlewalled carbon nanotubes 
(diameter about 2 nm) are similar to fullerenes in size (~1nm),34 which makes them 
accessible for the Bingel reaction. This part of the work was to find out if the Bingel 
reaction could occur with multiwalled carbon nanotubes. Generally, the critical upper 
size of the nanotube where the Bingel reaction can be conducted is not known.  
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Thus, we compared three types of multiwalled carbon nanotubes, which differed 
in sizes. All three types were grown by the chemical vapor deposition technique. Larger 
tubes, called commercial CVD CNTs in this thesis, were grown in the pores of 
commercial membranes with nominal pore sizes around 300 nm. Smaller tubes, also 
CVD CNTs, but grown in the pores of home-anodized alumina templates, with nominal 
pore sizes 100 nm, will be called oxalic nanotubes hereafter. And the third type was the 
CNTs grown by the catalytic chemical vapor deposition method with iron particles as the 
catalyst. These tubes, with diameters ranging from 20 to 60 nm, were provided by the 
chemical firm Arkema, Inc., France, and hereafter will be called Arkema nanotubes.  
As will be shown later, the functionalization of carbon nanotubes is often difficult 
to see using common diagnostic methods. To trace the functionalized sites of the 
nanotubes, we added the step of transesterification with the following gold attachment, as 
has been described in paper written by Coleman et al.30 Hence, the gold nanoparticles 
serve as tracers to mark the functional sites on the nanotube wall. The malonate groups 
on the walls of carbon nanotubes after the Bingel reaction are suitable sites for further 
attachment of different groups. Using transesterification, we will attempt to create sulfur 
bridges. These sulfur bridges are known for being effective for the attachment of gold 
nanoparticles. Thus, observing gold nanoparticles on the nanotubes by TEM and AFM, 
we will be able to interpret these sites as being Bingel functionalized.  Figure 4.18 
represents the schematic of these three steps. 
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Figure 4.18.   Schematic representation of the Bingel reaction and the following steps of 
modification of the carbon nanotube. (a) Bingel reaction; (b) Transesterification with 2-
(methylthio)ethanol; (c) Introduction of preformed gold colloids. 
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produced/received nanotubes and annealed nanotubes. Annealing usually is performed to 
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reconstruction of the nanotube wall and makes the wall more ordered. The annealing was 
done at a temperature of 1800°C for 3 h in a vacuum furnace (donated by Solar 
Atmospheres to Drexel University) at a pressure of 10-6 Torr and at a heating/cooling rate 
of ~ 10°C per min. 
TEM and AFM characterization 
Transmission electron microscopy (TEM) and atomic force microscopy (AFM) 
are methods that are very well suited for visualization of nanotubes with attached 
nanoparticles. In Figure 4.19 we combined transmission electron microscopy images of 
three different types of nanotubes after the Bingel modification.  
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Figure 4.19. TEM images of (a, b) CVD CNTs, (c, d) oxalic NTs and (e, f) Arkema NTs 
after Bingel modification, transesterification and the following mixing with gold 
nanoparticles.  
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 To check if gold nanoparticles are able to stick to the nanotubes modified only by 
the Bingel reaction, in the absence of sulfur bridges, we mixed gold colloids with these 
nanotubes. This experiment was considered the reference: only a few nanoparticles were 
detected on the nanotubes, as shown in Figure 4.20. Most likely, these nanoparticles 
were attached to some defects on the nanotube walls. In contrast, when gold colloid was 
mixed with transesterified nanotubes, we observed a significantly larger amount of gold 
nanoparticles attached to the nanotube walls. Moreover, a series of micrographs in 
Figure 4.19 allows us to hypothesize that larger nanotubes are mostly functionalized 
from the ends, where uncompensated stresses are concentrated the most. Arkema 
nanotubes most likely were functionalized all the way from one end to the other.  
 
 
 
 
 
 
 
 
 
Figure 4.20. TEM image of the oxalic nanotube, modified by Bingel reaction with NaH, 
non-transesterified, mixed with gold nanoparticles.  
 
 
It is worth noting that we did not observe any significant changes in the 
concentration of attached nanoparticles on annealed nanotubes (Figure 4.21).  
 
20 nm 
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Figure 4.21. TEM images of the (a,b) annealed oxalic nanotubes, and (c,d) non-annealed 
oxalic nanotubes after Bingel reaction, transesterification and attachment of the gold 
nanoparticles. 
 
 
 
Annealed nanotubes have the perfect graphitized structure, with no defects. The 
fact that were no differences in concentration of attached colloidal gold nanoparticles, 
between the annealed tubes and as-received tubes, supports the hypothesis that the 
observed modifications are caused by the Bingel reaction and not due to defects on the 
nanotube surface. 
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Figure 4.22 shows AFM images of oxalic nanotubes with gold nanoparticles on 
their walls. The average diameter of these nanotubes is 40 to 60 nm. The AFM images 
show slightly different vertical dimensions, as seen in the images. As was demonstrated 
by Ruoff et al., the shape of multiwalled carbon nanotubes can be distorted due to Van 
der Waals forces.35 Hertel et al., by using AFM and simulations, confirmed that 
multiwalled carbon nanotubes flatten on the substrate due to very strong interactions 
between tubes and the surface.36 This Van der Waals flattening of multiwalled nanotubes 
explains the observed dimensions measured in the tapping mode by AFM.  
 
~ 44 nm
~ 52 nm
~ 36 nm
~ 37 nm~ 34nm
 
Figure 4.22. AFM image of oxalic nanotubes modified by Bingel with NaH as a catalyst, 
transesterified with 2-(methylthio)ethanol, mixed with gold. The numbers on the left 
image show the vertical distance measured at the given point. 
 
 
The AFM image in Figure 4.22 shows nanotubes covered with nanoparticles. The 
difference between a bump of 52 nm height and the average height of nanotubes (~37 
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nm) which are shown by different arrows gives the nanoparticle size as ~15 nm. This is 
exactly the average diameter of gold nanoparticles used for nanotube decoration as was 
measured by Zetasizer, and described in Chapter 3, section 3.4.1. Therefore, we are 
confident that these particles are gold nanoparticles attached to the nanotube walls. 
Thus, TEM micrographs and AFM images confirm that nanotubes are able to 
adhere gold nanoparticles. To confirm that the gold nanoparticles were chemically 
attached to the nanotubes through malonate-sulfur bridges, we performed a series of 
spectroscopic measurements.  
FT-IR spectroscopy  
We started with infrared spectroscopy (IR) as a versatile and common method for 
characterization of chemical bonds. Comparison of the IR spectra of nanotubes taken 
before and after modifications may show if new bonds were formed. The average spectra 
of 258 and 96 scans were taken from samples pressed in pellets with KBr powder 
(Figure 4.23). Samples were mounted in a sample holder, which was inserted in a special 
compartment with dry air flowing through it. Before each measurement, the samples were 
allowed to stay in the compartment for 1-2 min, to make sure that dry air replaced the 
initial air, which came in when the sample was inserted into the chamber. 
 
 
   132
 
4000 3500 3000 2500 2000 1500 1000 500
22
23
24
25
26
27
28
Tr
an
sm
itt
an
ce
, %
Wavenumber, cm-1
(a)
(b)
(c)
(i)
4000 3500 3000 2500 2000 1500 1000 500
32
34
36
38
Wavenumber, cm-1
1635
(a)
(b)
(c)
O-H
O-H
C-H
C-H2
(ii)
O-H
Tr
an
sm
itt
an
ce
, %
 
Figure 4.23.  FT-IR spectra of Arkema MWNT. Nanotubes were pressed into KBr 
pellets. Left, (i) Arkema as-produced, 258 scans, with dry air purged through the 
measuring cell: (a, blue) nanotubes before modifications, (b, red) nanotubes after the 
Bingel reaction, (c, green) same as in (b), plus transesterified with 2-methyl(thioethanol). 
Right (ii) Arkema annealed, 96 scans: (a, blue) nanotubes before modifications, (b, red) 
nanotubes after Bingel modification, and (c, green) nanotubes after all modifications, plus 
mixed with gold colloid. The transmittance scale was adjusted for plotting purposes. 
 
 
 
We were looking for changes in the spectra after modifications toward detecting 
the carboxylic, C=O and  ester –C-O-C group vibrations from (-C(=O)-OEt)2 groups 
connected through C-C bonds to the walls as a result of the cyclopropanation in (b). In (c) 
after transesterification, we were looking for S-C bonds from CH3-S-CH2-. As seen from 
these graphs, the IR spectra of the carbon nanotubes before modifications and after 
modifications cannot be distinguished from each other. This could mean either the 
reaction did not happen or the reaction happened, but the number of sites, that were 
modified, is very small, and the vibration signals from additional bonds were overlapped 
by other vibrations.   
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Our expectations were: 
• Vibrations of (-C(=O)-OEt)2 bonds in region of 1210-1160 cm-1 for normal 
saturated esters;  
• asymmetric C-C-O stretch -  near 1250 cm-1; 
• O-CH2-C asymmetric stretch near 1050 cm-1;37  
as well as strong absorption due to:  
• C=O stretching near 1740 cm-1; and strong absorption involving  
• stretching vibrations of the C-O near 1200 cm-1;  
• vibrations of ester C=O groups conjugated with C=C of aromatic rings of the 
walls of nanotubes at 1740-1715 cm-1;37  
• CH3-S- should show vibration at 2992-2955 cm-1 due to asymmetric stretch, and 
2897-2867 cm-1, symmetric stretch, 1440-1415 cm-1, asymmetric deformations, 
1330-1290-symmetric deformations, and rock vibrations at 1030-960 cm-1.  
• CH2-S- should show vibrations at 2948-2922 cm-1 due to asymmetric stretch, 
2878 cm-1, due to symmetric stretch, 1435-1410 cm-1 – vibrations of deformation 
and wag vibration frequency at 1270-1220 cm-1.  
• The weak vibration of the C-S stretch was supposed to be observed at 705-570 
cm-1 for nanotubes after transesterification.37  
Raman spectroscopy  
Raman spectroscopy is known to work very well for the characterization of 
carbon nanotubes.38-45 Carbon nanotubes usually have four main bands in Raman spectra, 
Figure 4.24, which are the following: 1) the G-mode, in the region of 1500-1600 cm-1,  2) 
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the D-mode, which appears at ~1350 cm-1, 3) the radial breathing mode (RBM) in region 
of 100-400cm-1, and 4) the D' mode at ~ 1615 cm-1.  
 
 
 
 
 
 
 
 
Figure 4.24. Cartoon of atomic displacements associated with the RBM and G-band 
normal mode vibrations in carbon nanotubes.44  
 
 
As seen from the figure, the G-mode is a tangential stretching mode, so-called 
graphite mode. The RBM mode is a radial breathing mode; it is characteristic only for 
singlewalled nanotubes. In most cases, multiwalled nanotubes do not show this signal,44 
but show the D'-band, which is assigned to the in-plane vibrations of graphite.43,46 The D-
mode is a double resonance mode and appears when nanotubes have structural defects or 
amorphous carbon on the walls. The ratio of the D-band intensity to the G-band intensity, 
R = ID/IG, usually serves as a measurement of the disordered sites on carbon nanotubes 
walls, serving as the indicator of the level of the covalent functionalization of the 
CNTs.45,47 The higher the ratio, the more disordered carbon is present in a sample. The 
D'-mode also serves to show the disorder and defects of graphitic walls.44,46,48-50  
Investigation of the Raman spectra of the Arkema nanotubes before and after gold 
attachment revealed some interesting features. Three samples of carbon nanotubes were 
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analyzed by Raman spectroscopy with a 647.1 nm excitation wavelength, (Kr) (Figure 
4.25). The samples were: the nanotubes before modifications (a), nanotubes after the 
Bingel modification and transesterification, (b) and nanotubes which were all modified, 
plus mixed with gold nanoparticles (c).  
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.25.  Raman spectra of three samples (a) MWNT before modifications; (b) the 
same tubes, after the Bingel reaction and transesterification; (c) same as in (b) plus mixed 
with gold nanoparticles.  
 
 
 
Samples were suspended in ethanol, and then one drop of the suspension was placed on a 
clean glass slide. Samples were air-dried before the Raman measurements. It is important 
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to stress here that in this experiment the nanotubes were the annealed Arkema nanotubes. 
This procedure changes the appearance of the main bands in the Raman spectra, changing 
the graphitic structure of the carbon nanotubes to a more graphitized structure.42 
Considering non-modified and modified nanotubes, we observed an increase in 
the ratio of intensities R = ID/IG, from 1.31 to 1.51, Table 4.4. This indicates an increased 
disorder of the graphitic structure of the modified nanotubes, which shows that the 
nanotubes were covalently modified.44,46,48-50 At the same time, this ratio decreased from 
1.51 to 1.33, once the gold nanoparticles were deposited on the nanotubes.  
 
 
Table 4.4. Comparison of the Raman spectral parameters. Spectra were taken with 
excitation length of the krypton laser, 647.1 nm. 
 
D band G band 
Samples Position, 
cm-1 
FWHM, 
cm-1 
Position, 
cm-1 
FWHM, 
cm-1 
R=(ID/IG) 
Arkema annealed 1323 53 1576 45 1.31 ± 0.01(i) 
Arkema annealed, modified 
by Bingel (DBU) and 
transesterified with thiol 
1324 53 1576 43 1.51 ± 0.01 
Same as above, plus gold 
attached  1320 55 1570 42 
1.33 ± 
0.01 
(i) the error is estimated by using Origin v.6.1 software 
 
The Raman spectra, which were taken with a 514.5 nm excitation length (argon 
laser), not shown here, had a similar performance (Table 4.5).  This ratio of intensities 
significantly decreased from 0.99 to 0.70 for the modified nanotubes with gold 
nanoparticles. We believe that the unexpected decrease of the ratio ID/IG deserves special 
investigation, which is beyond the topic of this work. We were interested to show if 
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Raman spectroscopy can be a tool for identifying the possibility of modifications. The 
vibration of the C-S stretch at 705-570 cm-1 for nanotubes after transesterification was 
supposed to be observed in the Raman effect.37 We trust these bands might be lost due to 
a high noise-to-signal ratio and the high intensity of the presented D- and G- bands. 
 
Table 4.5. Comparison of the Raman spectral parameters. Spectra were taken with 
excitation length of argon laser, 514.5 nm. 
 
D band G band 
Samples Position, 
cm-1 
FWHM, 
cm-1 
Position, 
cm-1 
FWHM, 
cm-1 
R=(ID/IG) 
Arkema annealed  1351 65 1585 54 0.99±0.01 
Arkema annealed, modified by 
Bingel (DBU) and 
transesterified with 2-
(methylthio)ethanol, plus gold 
attached 
1355 42 1585 47 0.70±0.01 
Note: Fitting was done on MultiFit v1.32 software, provided by Professor R. Schweitzer-
Stenner, Drexel University 
 
X-ray photoelectron spectroscopy 
X-ray photoelectron spectroscopy (XPS) was used to observe the formation of the 
new bonds after the Bingel reaction and transesterification. The surface of the samples 
was irradiated with X-ray photons, which ejected core electrons form the sample. The 
penetration depth in XPS analysis was ~ 8 nm. The analysis of the produced spectra gives 
the core electron binding energies (BE) in eV. Using the magnitude of the BE, we 
identified the atomic constituents of the samples. The chemical shifts of the BE of the 
constituents provide information about the nature of bonding in molecules. The intensity 
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of the peak in the spectra present qualitative identification of the constituents in atomic or 
mass percentages.51   
XPS was performed on a set of 5 samples: 1) Arkema as-produced CNTs, 2) 
Arkema Bingel modified at the presence of diazabicyclo[5.4.0]undec-7-ene (DBU), 3) 
the same tubes as in (2) plus transesterified with 2-(methylthio)ethanol, 4) the same as in 
(3), but sample was washed thoroughly in the Soxhlet apparatus, and 5) Arkema 
nanotubes that were not modified by the Bingel reaction but were mixed with 2-
(methylthio)ethanol in ether and then thoroughly washed in the Soxhlet apparatus. The 
results of the XPS investigations are shown in Figure 4.26 and summarized in Tables 4.5 
(survey spectra) and 4.6 (narrow spectra).  
The XPS survey spectrum of the Arkema as-produced nanotubes before 
modifications reveals only one peak for C 1s at 285 eV binding energy (BE), indicating 
only carbon was present in the sample. An additional peak at 529 eV BE appeared in the 
nanotubes spectrum after the Bingel reaction and transesterification, signifying the 
presence of oxygen in these samples.   
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Figure 4.26.  XPS survey spectra of (a) nanotubes before modifications, (b) after the 
Bingel modification, (c) after the Bingel reaction and transesterification, and (d) tubes as 
in (c), rinsed in the Soxhlet apparatus. 
 
 
We were looking for the S 2p peak with the BE around 162 eV in the spectra of 
the samples after transesterification with 2-(methylthio)ethanol, which did not appear. 
We know that to be detected, the element atomic % in a sample must be more than 0.1.52  
The absence of this peak could be explained by the very small number of sulfur atoms in 
the sample and by the position of the sulfur-containing group relative to the surface. 
Nevertheless, the appearance of the oxygen peaks in the sample after the modifications 
shows that the samples were modified. The same assumption can be made from the shift 
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of the carbon BE peak from 285 eV in the sample before modification to 286 eV in the 
sample after the Bingel reaction (Table 4.6 and Figure 4.26) 
 
Table 4.6. Results of the XPS survey spectra of multiwalled carbon nanotubes before and 
after modifications. 
Survey spectra peaks 
C 1s O 1s 
Sample Position, 
Binding 
energy, 
eV 
Atomic 
conc, %
Mass 
conc, %
Position, 
Binding 
energy, 
eV 
Atomic 
conc, % 
Mass 
conc, %
Arkema as-produced 286 100 100 n/a 0 0 
Arkema as-produced, modified by 
Bingel with DBU, rinsed 285 98.28 97.72 529 1.72 2.28 
Arkema as-produced, modified by 
Bingel with DBU, rinsed, 
transesterified with 2-
(methylthio)ethanol 
286 98.29 97.73 532 1.71 2.27 
Arkema as-produced, modified by 
Bingel with DBU, rinsed, 
transesterified with 2-
(methylthio)ethanol, rinsed in ether 
via Soxhlet 
286 98.56 98.1 533 1.44 1.9 
Arkema as-produced, mixed with 2-
(methylthio)ethanol, rinsed via 
Soxhlet in ether 
286 100 100 n/a 0 0 
 
 
The XPS method allows distinguishing of the molecular environment, e.g., the 
oxidation state of the elements.51  To identify whether the atoms in a sample is in 
different chemical states, the spectrum must be resolved into the component peaks. For 
that, narrow scans of C 1s and O 1s were taken. 
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Figure 4.27. Narrow spectra of carbon nanotubes in O 1s region (a) after Bingel reaction 
and (b) after transesterification with 2-(methylthio)ethanol. 
  
 
The results of the narrow scans in the O 1s regions are presented in Table 4.7. We 
compare here the narrow scans of two samples, nanotubes after the Bingel modification 
and nanotubes after transesterification, Figure 4.27. The Bingel-modified nanotubes and 
tubes after transesterification would have similar groups with similar bonds in regard to 
carbon and oxygen binding energies. This is why we have practically the same values of 
oxygen 1s BE for both samples. However, we observed a difference in the atomic/mass 
concentrations of the element with respective BE between the tubes after the Bingel 
reaction and the tubes after transesterification.  
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Table 4.7. The XPS results of the O 1s narrow scan spectra of carbon nanotubes before 
and after modification. 
Narrow spectrum peaks 
C 1s O 1s 
Sample Position 
Binding 
energy, 
eV 
Atomic 
conc, %
Mass 
conc, %
Position, 
Binding 
energy, 
eV 
Atomic 
conc, % 
Mass 
conc, %
Nanotubes before modifications 286 100 100 n/a n/a n/a 
285 100 100 529.271 49.29 49.29 
   533.126 29.47 29.47 
   530.7 10.76 10.76 
   531.473 5.34 5.34 
Nanotubes after Bingel reaction with 
DBU as catalyst, rinsed 
   532.068 5.16 5.16 
286 100 100 532.229 57.8 57.8 
   533.977 26.44 26.44 
   533.159 6.1 6.1 
   530.679 4.49 4.49 
   529.274 3.55 3.55 
Nanotubes after Bingel reaction and 
after transesterification with 2-
(methylthio)ethanol 
   534.728 1.63 1.63 
Nanotubes modified by Bingel with 
DBU, rinsed, transesterified with 2-
(methylthio)ethanol, rinsed in ether 
via Soxhlet 
286 100 100 n/a n/a n/a 
Non modified nanotubes, mixed with 
2-(methylthio)ethanol, rinsed via 
Soxhlet in ether 
286 59.23 59.23 n/a n/a n/a 
 
 
For oxygen 1s spectra, the higher BE values represent a state of lower electron 
density; the lower BE values appear when the oxygen atom is more polarized.51   The 
lower 529.3 eV BE values for our samples can be assigned to the oxygen in the carbonyl 
group (C=O, O-C=O) of malonate attached to the nanotube, and the higher binding 
energy ~ 532.2 can be assigned to the ester bonds (C-O-C=O) in transesterified 
nanotubes.  Figure 4.27 and Table 4.7 reveal that the atomic percentage of the oxygen in 
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the carbonyl group, BE = 529 eV is 29.5%, the highest, in the nanotubes after the Bingel 
modification. This percentage becomes the lowest in the sample after transesterification. 
At the same time, the tubes after transesterification have the highest peak at 532 eV BE, 
with an atomic concentration of ~ 57.8%. This peak was assigned to be the peak of the 
oxygen in the ester group (the higher BE). This fact allows us to conclude that tubes after 
transesterification have more oxygen atoms in the ester groups than oxygen atoms in the 
carbonyl groups, which had been expected. 
For the comparison, we analyzed the control sample of nanotubes that had not 
been modified, just mixed with 2-(methylthio)ethanol. The results are shown in the last 
row in Table 4.7 and in Figure 4.28.  
 
 
 
 
 
 
 
 
Figure 4.28. Comparison of survey spectra of (a) Arkema nanotubes as-produced and 
control sample, and (b) Arkema nanotubes non-modified, but mixed with 2-
(methylthio)ethanol. 
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expected. This also shows that the oxygen peaks in samples after modifications are due to 
the reaction, and not physical adsorption of the oxygen on the tubes. 
Conclusions for XPS part  
It was impossible to resolve the narrow peaks of C 1s binding energies. That 
could mean that the strength of the graphite peak corresponding to the graphite bonds in 
the samples was high, and the resolution of the C 1s spectra was low. Thus, it made 
difficult to resolve the other carbon-oxygen bonds’ contributions. On the other hand, the 
presence of the oxygen peak on each survey spectrum of the modified nanotubes allows 
us to conclude that nanotubes were modified during the reactions. The difference in the 
intensity of the O 1s peaks assigned to different bonds brought us to the conclusion that 
the nanotubes had been modified. The absence of the characteristic for sulfur bonds peaks 
could be explained by the low degree of functionalization. Therefore, a very small, less 
than 0.1 atomic % amount of sulfur on the tubes might be present. Thus, other methods of 
the characterization of nanotubes have to be employed to show the presence of 
functionalized sites on the nanotubes. 
CHNS elemental analyses 
A series of analyses of nanotubes, before and after modifications, were made on 
the CHNS/O organic elemental analyzer (Perkin Elmer, 2400 series II) in CHNS mode. 
Results were given in a table format containing the weight percents of carbon, hydrogen, 
nitrogen, and sulfur for each sample. The goal of this analysis was to qualitatively 
determine the presence of the sulfur in the samples, and then to compare the degree of 
functionalization of two different types of nanotubes and two deprotonating agents. 
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Therefore we collected different samples to run them simultaneously in CHNS analyzer. 
Then we estimated the amount of oxygen in the sample. We subtracted all measured 
fractions from 100%. Then we converted the weight percentages into the ratio of one 
element to another in each sample. For our purposes, we were interested in finding the 
number of oxygen and sulfur atoms per each carbon atom in the particular samples. This 
numbers are also were calculated only for qualitative analysis. The calculations are as 
follows. 
We know that in the sample of mass M consisting of elements X, Y, etc., such as 
C, H, N, S, and O, with masses MX, where X is C, H, N, and S, we have the mass balance 
MC+ MH + MN + MO + MS + MX + MY= M,               (4.29) 
Then, the weight percentage of the given element is   
MX/M⋅100% = WX.              (4.30) 
We do not know M, but we know that M is the same for each element X, and at the same 
time, we know that  
MX = AX ⋅ NX,             (4.31) 
where AX is the atomic mass of the element X, and NX is the number of atoms of this 
element in the sample. As follows from equations (4.30) and (4.31)  
X
XX
X
X
W
NA
W
MM =⋅= %100 ,           (4.32) 
and  
Y
YY
Y
Y
W
NA
W
MM =⋅= %100 .            (4.33) 
Therefore, for two different elements X and Y, we will have the equality 
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Y
YY
X
XX
W
NA
W
NA =  , or           (4.34) 
Y
X
Yy
XX
W
W
NA
NA =⇒ ,           (4.35) 
YX
XY
Y
X
WA
WA
N
N =⇒    .           (4.36) 
 
Substituting all known parameters in equation (4.36), we will find the number of 
atoms of element X with respect to each atom of element Y. Data from the analyzer and 
the results of these calculations are summarized in Table 4.8.   
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Table 4.8. Results of the elemental analysis of the carbon multiwalled nanotubes before 
and after modifications. 
 
Results, wt %, WX 
Estimated 
wt % 
Number of atoms, NX/NY
calculated using eq. 
(4.7) Samples ID 
Carbon Hydrogen Nitrogen Sulfur Oxygen C to  S 
C to O, 
estimated
C to 
H 
cystine 29.91 4.82 15.76 25.01 24.5 3.2 1.6 0.5
Arkema as-produced 94.35 0.14 1.18 -0.04 4.37 N/a 28.8 56.2
Arkema as-produced 94.02 0.13 0.52 -0.05 5.38 N/a 23.3 60.3
3-88 Ar DBU Th Soh 93.16 0.28 0.41 -0.05 6.2 N/a 20.0 27.7
3-88 Ar DBU Th Soh 92.17 0.25 0.26 -0.06 7.38 N/a 16.6 30.7
3-104 Ark DBU Th Soh 92.26 0.31 0.16 -0.07 7.34 N/a 16.7 24.8
3-104 Ark DBU Th Soh 92.46 0.31 0.17 -0.05 7.11 N/a 17.3 24.9
3-3 Ark ann DBU Th 98.49 0.31 0.29 -0.07 0.98 N/a 133.9 26.5
3-3 Ark ann DBU Th 97.91 0.24 0.13 -0.1 1.82 N/a 71.7 34.0
3-108 Ar as prod. Th Soh 93.68 0.14 0.03 -0.07 6.22 N/a 20.1 55.8
3-108 Ar as prod. Th Soh 93.42 0.13 0.04 -0.04 6.45 N/a 19.3 59.9
3-91 Ar NaH Th no Soh 64.51 0.47 0.04 1.98 33 87.0 2.6 11.4
3-91 Ar NaH Th no Soh 63.27 0.47 0.11 2.32 33.83 72.8 2.5 11.2
3-91 Ar NaH Th  Soh 64.89 0.37 0.11 2.81 31.82 61.7 2.7 14.6
3-91 Ar NaH Th  Soh 64.58 0.36 0.07 1.82 33.17 94.7 2.6 14.9
3-38 Ox B/NaH Th 82.63 0.96 0.08 2.08 14.25 106.1 7.7 7.2
3-38 Ox B/NaH Th 82.68 0.94 0.09 2.37 13.92 93.1 7.9 7.3
cystine 30.11 4.78 11.78 27.66 25.67 2.9 1.6 0.5
 
Note to the Table:  
The first numbers in the sample ID are the sample numbers. Other abbreviations are  
Ar – Arkema nanotubes; 
As prod – as-produced, means these nanotubes were not modified by Bingel reaction; 
Ann – annealed, Arkema nanotubes annealed at 1800°C for 3 h. 
DBU/NaH – modified by Bingel reaction with DBU or NaH as deprotonating agents, 
respectively; 
Ox – carbon nanotubes grown by CVD in our lab on an alumina template, anodized in 
oxalic acid, also in our lab;  
Th – nanotubes transesterified with 2-(methylthio)ethanol; 
Soh – samples, which were washed via Soxhlet apparatus in ether. 
 
For comparison, the samples containing sulfur atoms are listed in a bold font, and the 
sulfur atom data are underlined. 
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To prove that the results from the CHNS analyses and calculations are correct, in 
a qualitative sense, we also analyzed a compound with a known atomic formula, cystine, 
C6H12N2O4S2. In the experiments, we started from cystine and ended with it. Thus, it is 
entered as the first and the last samples in the table. The results from our calculations 
show the accurate number of carbon atoms in the ratio to oxygen and sulfur atoms. There 
are three times more carbon than sulfur atoms, approximately 1.6 times more carbon than  
oxygen, and twice fewer carbon atoms than hydrogen in cystine according to the table, 
which is all in good agreement with the cystine formula. Thus, we can conclude that the 
results from the CHNS analyzer and calculations of the number of atoms for the nanotube 
samples are qualitatively correct. Unfortunately, from the table we see the difference of ~ 
9% in a quantity of nitrogen, determined in two samples of cystine. The analytical life of 
each column for CHNS analysis is 30-40 samples/runs. This includes the calibration 
compounds, K-factors, and conditioners that are not shown in the table. The difference 
between first cystine sample and last cystine sample may be indicating the exhaust of the 
used CNHS column in the analyzer.  However, qualitatively, in the sense of ratio of one 
element to another the results of CHNS analyses are in acceptable range. 
From this table, we see that sulfur is present only in the samples that were 
modified using NaH as a catalyst. There is one sulfur atom for approximately each 60 to 
100 atoms of carbon in the samples of the Arkema and oxalic nanotubes, modified using 
NaH as a catalyst (samples 3-91 and 3-38). Many more oxygen atoms were present in 
these samples compared to the samples that were modified with DBU as a catalyst 
(samples 3-88, 3-104, and 3-3). The number of carbons is approximately 16 to 20 for 
each oxygen atom in these samples; as opposed to Arkema nanotubes modified using 
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NaH, which have only ~ 2.6 carbons for each oxygen, and oxalic nanotubes, with ~ 8 
carbons for each oxygen. This suggests that modification with NaH as a deprotonating 
agent works better than with DBU as an agent. This also explains the absence of sulfur 
due to the very small amount of this substance in the modified samples. The difference in 
the number of carbons to oxygens in the Arkema and oxalic nanotubes (3-91 and 3-38, 
respectively) can be explained by the difference in the numbers of graphite layers in these 
nanotubes. Typically, an Arkema nanotube has 10 to 20 layers in its wall, and our CVD 
oxalic nanotube has 40 to 50 layers in its wall. This means that fewer carbon atoms in 
oxalic nanotubes are exposed to the modifications; more atoms are located in the walls, 
far from the outer layers, and cannot participate in reactions. 
Another interesting observation comes from comparison of the numbers of carbon 
atoms to each oxygen atom in the nanotubes modified by the Bingel reaction with DBU 
as a deprotonating agent (samples 3-88, and 3-104) and the unmodified nanotubes 
(sample 3-108). All these samples show the same number of carbon atoms for each 
oxygen atom ~ 20. The quantity of oxygen atoms related to carbon atoms is significantly 
less for the nanotubes that were annealed at 1800°C for 3 hours (sample 3-3). For 
approximately 100 carbon atoms, there was only one oxygen atom in the annealed tubes, 
and one oxygen atom corresponded to only 20 carbons in the non-annealed samples, 
modified by the Bingel reaction with DBU as a catalyst. This was expected, since the 
annealing procedure burned oxygen in the carbon nanotube sample.  
We would like to point out that the CHNS analysis was done for qualitative, not 
quantitative analysis of the methods of nanotube modifications. Because of the time 
constrain and significant costs of these experiments, these analyses were made only on 
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the samples which are shown in the Table 4.8. Each sample was analyzed only twice. 
However, even these experiments allowed us to make interesting conclusions.   
Concluding remarks 
X-ray photoelectron spectroscopy, CHNS elemental analyzes, and TEM/AFM 
imaging show that in the case of multiwalled carbon nanotubes the Bingel reaction is 
more likely to occur in smaller nanotubes. Larger nanotubes, ~ 200 nm, can be Bingel 
modified, but mostly closer to the ends. Another conclusion is that the degree of Bingel 
functionalization is higher for multiwalled carbon nanotubes when NaH is used as a 
deprotonating agent, instead of DBU.  
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CHAPTER 5. APPLICATIONS 
 
Embedded and attached functional nanoparticles make multiwalled carbon 
nanotubes attractive candidates for different applications.1,2 In this chapter, we review 
some applications of carbon nanotubes functionalized by our methods.  
Drug delivery. One of these applications is related to using the nanotubes for 
single-cell interrogation and drug delivery.3,4 A unique magnetic nanotube with a straight 
profile, elastic, and hollow inside makes it possible to construct nanotube-tipped pipettes. 
Used for decades, glass micropipettes are very breakable and difficult to modify; they 
often damage living cells.5 Our nanotubes, in addition to common carbon nanotube 
properties such as biocompatibility,6 electrical conductivity,7 flexibility,8 and readiness 
for chemical modification,9-12 have the ability to be guided by a magnetic field.13 These 
nanotubes can be folded up to 90 degrees, for example, as was shown in experiments 
made in our group, then unfolded without breaking or even being damaged.14,15 (Figure 
5.1)  
The size of the CVD CNT, which is less than 400 nm, is suitable for working with 
living cells, as was shown by Han and colleagues.16 The new approach exploiting the 
magnetic properties of magnetic carbon nanotubes (mCNT) for constructing carbon 
nanotube-tipped pipettes for biological application was developed in collaboration of our 
group with Professors Friedman’s and Fontecchio’s groups from ECE Department, 
Drexel University. 
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Figure 5.1. Folding and unfolding CVD CNT reveals its flexibility and ability to buckle 
without damage.14,15 
 
 
 
 
Magnetic CNTs (mCNT) used in this work were prepared by filling multiwalled 
carbon nanotubes grown by the chemical vapor deposition technique in the pores of 
commercially available membranes with ferrofluid EMG 911, as described in Chapter 4, 
section 4.1.1. Purified mCNTs were dispersed in isopropanol in proportion 0.1 wt% CNT 
to 99.9% alcohol. These prepared nanotubes were forwarded to the groups led by 
Professors Friedman and Fontecchio. Then the dispersion of mCNTs, in the amount of 5 
µl, was injected into a micropipette with a submicron tip diameter (0.4-0.9 µm). Next, the 
nanotube was directed to the end of the tip of the micropipette by the applied gradient of 
the magnetic field. Once the mCNT had formed a tip at the end of the micropipette, the 
ultra-violet polymerizable adhesive (NOA74 from Norland, Inc.) of low viscosity was 
used to fix the mCNT to the tip of the glass pipette. The nanotube-tipped pipette was used 
to poke Madin-Darby Canine kidney (MDCK) epithelial cellar membranes to verify the 
ability of this device to work as a probe for different biological cells, Figure 5.2.  
 
 
5 µm 5 µm 
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Figure 5.2. Optical image of a nanotube-tipped pipette (left) injected into a MDCK cell 
held in place by negative pressure on a patch pipette (right). Negligible deformation of 
the cell occurs.17 
 
 
To show that the magnetic carbon nanotube-tipped pipettes were able to provide 
fluidic transport, fluorescent dye with 100 nm polystyrene beads (3100A, Duke 
Scientific, Palo Alto, CA) was used. Pipettes were dipped with the nanotube end into a 
drop of fluorescent dye. Immediately after contact, the fluorescent beads were driven into 
the glass body from the carbon nanotube tip by capillary action. This experiment showed 
the ability of the mCNT to work as a nanoprobe by taking up liquids.17 
Thus, the functionalized nanotubes are proved to be useful as functional conduits 
to probe and deliver biofluids from cells and to control the nanotube placement into a 
pipette. 
Nanorheology. The same unique properties of magnetic carbon nanotubes 
(strength, elasticity, biocompatibility and ability to be directed by magnetic field) allowed 
the group of Professor Ferrone from the Physics Department at Drexel University to 
mCNT pipette 
cell 
mCNT 
mCNT pipette
mCNT
glass pipette
cell
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construct a microscopic device for rheological study of biofluids from sickle cells.18 
People with sickle cell disease have mostly the hemoglobin of type S, which causes the 
cells that contain it to take a sickle (crescent) shape and became rigid. These cells 
because of their shape and rigidity can not pass small blood vessels, damaging the 
affected part of the body.19 This happens because the hemoglobin inside the cells forms 
into arrays of polymers (called polymer domains), when the hemoglobin has no oxygen 
or other ligand (like CO) attached to the heme.  In the laboratory of Professor Ferrone by 
microscopic laser photolysis CO was removed, causing polymerization of the sickle 
hemoglobin.20 This polymerization imitates the real sickled hemoglobin stiffened 
formations in the human blood vessels.21 The study of the domain stiffness could open 
the new insight on the disease. The magnetic nanotube was inserted into the hemoglobin 
sample; subsequently the area around one end of the nanotube was polymerized by laser 
photolysis thus forming the domain around that end of the tube, Figure 5.3. By changing 
the direction and the magnitude of the applied magnetic field on the nanotube lever, 
(Figure 5.3(c)) the rigidity of the polymerized hemoglobin was studied.18   
 
 
 
 
 
 160
 
 
Figure 5.3. Formation of sickle hemoglobin domain by laser photolysis at the end of the 
mCNT for a rheological study of sickle cell disease.18 Courtesy of Dr. A. Aprelev and 
Professor F.A. Ferrone, Department of Physics, Drexel University. 
 
 
 
Patterning with magnetic nanotubes. Magnetic nanotubes placed in magnetic field 
behave as elongated magnets, with almost uniform magnetization and interact through 
their polar ends (or imaginary magnetic charges). Thus, two elongated magnets either 
repel each other, if their dipolar orientations are parallel, or they attract each other if the 
poles are oriented in opposite directions; see the schematic in Figure 5.4.  
 As was observed in our experiments, magnetic tubes do not form chains as they 
would if they were dipoles. Instead, the nanotubes experience the sidewise attraction, as 
clearly seen in Figure 5.5 (a) and illustrated schematically in Figure 5.4.  We also 
experimented with long cylindrical neodymium magnets (K&J Magnetics Inc., Jamison, 
PA), 2.5 cm long, with aspect ratio 16:1. Sometimes, these macroscopic magnetic rods 
form sidewise connections, as seen from Figure 5.5 (c). For nanotubes, the group A 
(Figure 5.5(a))  eventually forms the head-to-tail chain, while the group B keeps their 
side-wise attraction like the magnetic rods do in Figure 5.5 (c). As shown in the paper22 
(a) (b) (c) 
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there are some physical reasons for such sidewise attraction. It appears that magnetic 
poles in Figure 5.5 (c) are in quasi-equilibrium, because the distances from both ends are 
almost the same. Another possible explanation for nanotubes sidewise attachment is that 
their ends may be slightly depleted of nanoparticles.  
 
 
 
 
 
 
 
 
 
Figure 5.4. Schematic of three types of magnetic nanotube interactions in an applied 
magnetic field. White arrows show the direction of the magnetic dipole. 
 
 
Taking into consideration that magnetic nanoneedles are not point dipoles and 
rather classical elongated magnetic dipoles, we can use the classical model of the 
interaction of elongated dipoles. This model predicts that self-assembly of nanoneedles 
into regular structures can be achieved if these magnets are placed in a channel with the 
width less than twice the nanoneedle length. (Theoretical analysis based on our 
experimental observations has been accepted for publication22). In this publication, we 
demonstrated that compared to magnetic spherical nanoparticles, the self-assembly of 
nanoneedles into regular structures is much easier to achieve. The repulsion domain for 
 Attract   
each other 
Side-wise 
attraction 
Repel     
each other 
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nanoneedles significantly extends the corresponding repulsion domain for two-point 
dipoles. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5. (a) Chain formation from magnetic carbon nanotubes in an applied magnetic 
field in time sequence. The formation of two chains (A, and B) with sidewise attraction 
can be clearly seen. (b) the head-to-tail attraction of two magnetic rods, (c) sidewise 
attraction of two magnetic rods. 
 
 
 
 
We also found that if the needles lie on the same line, they may stick together sidewise. 
The theoretical analysis showed a way to avoid formation of nanotube chains in liquid 
crystal optical cells, which were described in paper by Dierking et al.23 As follows from 
1 sec
9 sec
12 sec
20 sec
21 sec
66 sec
A B(a)
(b) (c)
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our model and experiments, the height of the optical cell must be chosen to be not greater 
than about twice the tube length. This will guarantee that the flip-flop transition in liquid 
crystal will occur without chaining of the magnetic nanoneedles. The described 
microfluidic cells might find applications as tunable diffraction gratings, optical filters, 
and polarizers. These preliminary experiments show that magnetic nanotubes are 
promising as active elements in different optical cells exploiting 1-D periodic 
structures.22 
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CHAPTER 6. CONCLUSIONS AND FUTURE WORK 
 
This work is aimed at the development of different methods for the functionalization of 
multiwalled carbon nanotubes with metallic nanoparticles. A series of proposed 
approaches are designed for filling carbon nanotubes with nanoparticles or for decorating 
external surfaces of the nanotubes with nanoparticles. Below we list the most important 
results of this study. 
 
• We proposed and developed a method of nanotube filling based on capillary 
action. It was shown that heavy nanoparticles can be engulfed in the nanotube by 
capillary forces. This method yields almost 100% filled nanotubes and is easy, 
reproducible, and inexpensive. 
• Using the proposed approach, we made magnetic carbon nanotubes. Using 
experiments with rotating magnetic field and magnetic characterization methods, 
we proved that the produced nanotubes have outstanding magnetization 
properties. 
• We proposed a new method for estimating the number of magnetic nanoparticles 
in the tube, which takes advantage of rotational instability of needle-like magnets 
in the applied field. We found a critical rotational frequency of the magnetic field 
beyond which the nanotubes no longer follow the field.  Independent magnetic 
characterization of these nanotubes shows that the rotational method does give 
correct estimates of the nanoparticles. This method is considered advantageous 
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since nanotube tracking is easier and less expensive, as compared to other 
characterization methods.  
• We studied the mechanism of nanoparticle adsorption by nanotube walls. We 
showed that magnetic nanoparticles from organic-based ferrofluid follow the BET 
mechanism of adsorption on CVD carbon nanotubes. We found that two-three 
wetting/drying cycles give better results than one filling cycle. At the same time, 
the amount of nanoparticles in tubes after filling depends on the concentration of 
the particular fluid used to fill the nanotubes. 
• The same method of filling the nanotubes with metallic nanoparticles can be 
employed to fill the nanotubes with non-metallic particles. This statement was 
proved by using a nanodiamond. The details of this procedure can be found in the 
Appendix B. 
• We developed a modification of the capillary method of nanotube filling. Namely, 
we combined this method with CVD growth of the nanotubes. This combination 
resulted in a variety of new nanotubes with various nanoparticles embedded in 
their walls. 
• As one possible application of the synthesized materials, we envision their 
utilization in nanofluidics. The nanotubes produced by the proposed method were 
used for making magnetically guided carbon-tipped nanopipettes. This type of 
nanopipettes was produced for the first time.  
• Bingel reaction known from fullerene chemistry was applied for multiwalled 
carbon nanotubes for the first time.  
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• X-ray photoelectron spectroscopy, CHNS elemental analysis, and TEM/AFM 
imaging collectively confirmed that in the case of multiwalled carbon nanotubes 
the Bingel reaction has a higher probability of taking place in smaller nanotubes. 
The critical size for the functionalization by Bingel reaction along the whole wall 
of the nanotube was found to be less than 200 nm.  
• It was shown that larger nanotubes, with diameters greater than 300 nm also may 
be modified by Bingel reaction, but their chemical activity is mostly observed at 
the nanotube ends. This tendency was revealed from image analysis of the 
functionalized nanotubes followed by the attachment of gold nanoparticles. It 
appears that nanoparticles were mostly collected at the nanotube ends where 
defects and stresses are larger. 
• Degree of Bingel functionalization is higher for multiwalled carbon nanotubes 
when NaH is used as a deprotonating agent, rather than DBU.  
• A combination of different techniques was employed to prove that the carbon 
nanotubes have been functionalized. To the best of our knowledge, CHNS/O 
analyzer was used for the first time for these purposes. 
• As a supplement to the study of the functionalization of CVD multiwalled carbon 
nanotubes the method of the synthesis of nanotubes of different diameters and 
length, as well as with a variety of wall thickness and wall structures, was 
developed. 
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SUGGESTIONS FOR FUTURE WORK: 
• Detailed study of the mechanism of adsorption of nanoparticles on nanotubes 
from different ferrofluids. 
• More detailed research is required to study the dependence of the degree of 
Bingel functionalization on nanotube size and structure. 
• During the defense of this work, Professor A. Addison from Chemistry 
Department in Drexel University suggested that the reaction of transesterification 
have a better chance to occur if sulfuric acid is added as a catalyst. Adding 
sulfuric acid to the solution during transesterification reaction may improve the 
yield of nanotubes with sulfur bridges covalently attached to the nanotubes. We 
suggest exploring this approach in future experiments. However, since it was 
shown that acids oxidize nanotubes, and often destroy them one should be 
extremely cautious experimenting with this reaction. It is important to monitor the 
appearance of additional oxide groups which can interrupt the whole process of 
the Bingel modification of the carbon nanotubes. 
• The work with nanotubes filled with nanodiamonds should be continued toward 
applications of these tubes in nano-chromatography. 
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APPENDIX A  
 
A.1. LIST OF ABBREVIATIONS 
AFM   atomic force microscope 
AGM   alternating gradient magnetometer 
BE   binding energy 
BET   Brunauer-Emmett-Teller adsorption isotherm 
CCVD  catalytic chemical vapor deposition 
CHNS  carbon, hydrogen, nitrogen and sulfur elemental analyzer  
CVD   chemical vapor deposition 
CNT   carbon nanotube 
DBU   1,8-diazabicyclo[5.4.0]undec-7-ene  
DC   direct current 
DI   deionized 
ESEM   environmental scanning electron microscope   
FT-IR   Furrier transform infra red 
HRTEM  high-resolution transmission electron microscope 
MCNT  magnetic carbon nanotubes 
MEMS  microelectromechanical systems  
MWNT  multiwalled carbon nanotubes 
NMR   nuclear magnetic resonance 
ND   nanodiamond 
NT   nanotube  
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NP   nanoparticle 
ODA   octadecylamine 
PM3   parametrized method number 3 
RBM   radial breathing mode 
RDX   hexogen   
sccm   standard cubic centimeters 
SEM   scanning electron microscope  
SWNT  singlewalled carbon nanotubes 
TEM   transmission electron microscope 
TFA   trifluoroacetic acid  
TNT   trinitrotoluene  
UV-Vis  ultraviolet-visible spectra 
XPS   X-ray photoelectron spectroscopy 
XRD   X-ray difraction 
A.2. LIST OF SYMBOLS 
A = 0.8  constant for calculation of the friction coefficient for long tubes 
Ai   internal surface of the nanotube  
AX    atomic mass of the element X 
b = kad/kdes  adsorption coefficient   
c   equilibrium concentration of the nanopartilces in the ferrofluid  
c0. critical concentration at which magnetic nanoparticles start to form 
clusters 
cv  fraction of the nanotube occupied by the adsorbed layer 
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d   nanoparticle diameter 
Di   internal diameter of the nanotube   
de   external diameter of the tube  
E d-d   energy of dipole-dipole interactions 
H   magnetic field 
K   BET coefficient  
kad  and kdes  rates of adsorption and desorption, respectively  
L    nanotube length  
m   average nanotube magnetic moment 
mg   magnetic moment of individual magnetite nanoparticle of 10 nm diameter 
ms   magnetic moment of the membrane piece at the saturation magnetization 
conditions (Ch. 4.1) 
 
M   mass of the sample (Ch. 4.2) 
mg   magnetic moment of each individual magnetic grain 
Mm  saturation magnetization of magnetite 
MX   mass of the element X in the sample 
NCNT   number of tubes/pores confined in membrane  
NX    number of atoms of the element X in the sample 
N g/tube    number of nanoparticles/grains in one tube 
Ng   number of nanoparticles adsorbed by the inner surface of the nanotube 
Nm,g   number of nanoparticles, which form one layer on the inner wall of the 
nanotube 
 
p   membrane porosity 
 
Pa     atmospheric pressure 
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Pm   pressure under the meniscus 
R   inner radius of the nanotube, (Ch. 4.1) 
R   ratio of intensities in Raman spectra (Ch. 4.2) 
ID, IG   intensity in Raman spectra of carbon nanotubes of D- and G-band, 
respectively 
 
Sm   area of the membrane piece 
St   area of one pore/tube on the surface of the membrane 
t   time  
Vg   volume of the nanoparticle 
Vt   inner volume of the nanotube 
Vm  volume of all nanoparticles forming one monolayer on inner nanotube 
wall  
 
WX   weight percent of the element X in the sample 
 
γ  friction coefficient of the tube 
γ     surface tension at the liquid/air interface 
,, slsv γγ  and lvγ  surface energies (the energy per unit surface area) at the solid-vapor, 
solid-liquid, and liquid-vapor interfaces, respectively 
 
δHf    bending energy in fullerenes 
δHg    bending energy in graphite 
η   fluid viscosity 
Σ    area occupied by the nanoparticles  
θ   the liquid-solid contact angle  (Ch. 2) 
θ    angle between the magnetization and field direction in calculations of 
magnetization (Ch. 4.1) 
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θ     fraction of the surface sites occupied by the nanoparticles in isotherm 
calculations (Ch. 4.1) 
 
µ0   permeability of vacuum 
φ   the fraction of the nanotube occupied by particles 
Ω    angle between the direction of the external field H and the reference axis  
ω    frequency of the rotating field 
 ωcr   critical frequency of the rotating field 
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APPENDIX B: WORK IN COLLABORATION WITH OTHER RESEARCH GROUPS AND 
COMPANIES 
 
In this Appendix we will briefly present the work done on filling nanotubes with other 
particles. This work was carried out partly to show the applicability and significance of 
the method of filling of multiwalled carbon nanotubes, which was developed in this 
thesis.  
 
Figure B.1 shows the CVD CNT nanotubes synthesized in our lab and filled with 
different colloidal nanoparticles by the capillary method described in this thesis. To fill 
CVD CNTs with nanodiamonds of 4-5 nm diameter, we dispersed dry nanodiamond 
powder UD 90 from NanoBlox, Inc., in 0.1 M NH3OH solution. Gold nanoparticles 
prepared by Brust method,1 had the size in the range 50-100 nm, and they were dispersed 
in toluene. The spherical monodisperse magnetic particles prepared in the laboratory of 
Professor S. Majetich from Carnegie Mellon University, with size ~20-40 nm, were 
dispersed in toluene, and some dilution of the nanoparticles suspension with toluene was 
done. The filling of the CVD carbon nanotubes with nanodiamonds, Majetich’s magnetic 
nanoparticles, and gold nanoparticles synthesized by Brust method was accomplished 
while tubes were incorporated in the alumina template. The preparation of suspension of 
fluorescent polystyrene beads with the size ~60 nm, is described in a paper by Kim et al. 
2 Tubes in this case were filled after releasing them from the alumina template. It can be 
seen in Figure B.1 that the capillary method allows us to load CVD MWNT with high 
concentrations of nanoparticles. Therefore, the capillary forces are proved to be 
sufficiently high to engulf different nanoparticles up to 100 nm in diameter.  
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This work is in progress and is performed by the Nanomaterials Group 
(http://nano.materials.drexel.edu) with the goal to develop a variety of nanotube-based 
devices ranging from drug delivery systems to nanoscale chromatographs and 
nanopipettes. We hope that the method proposed in this thesis will help in making 
functional MWNTs for different applications. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B.1. CVD CNTs synthesized in our lab and filled with different nanoparticles by   
the method described in this work: (a) Filled with nanodiamonds; (b) gold nanoparticles 
prepared by Brust method; (c) with magnetic nanoparticles prepared by group of 
Professor S. Majetich, Carnegie Mellon University; and (d) filled with fluorescent beads; 
filling was done by our collaborators from the University of Pennsylvania, Prof. H. Bau 
group.2 TEM: (a) G. Yushin, (c-d) D. Mattia. 
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